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1. Introduction
What we humans perceive of an object is mainly determined by its surface properties. Its
optics and haptics are influenced by the properties of a thin interfacial layer that con-
stitutes the surface of an item. Just as well, for many technical applications micro- to
nanometre thin coatings greatly affect the performance of a material. This implies that
by the design of the chemical composition and the morphology of this surface layer, the
properties of the macroscopic object, as optics, wettability, adhesion, friction or biocom-
patibility, can be changed dramatically. This is also of economical importance, since it is
often sufficient to coat a cheap carrier with an expensive material to achieve the desired
functionality, for instance catalytic properties.
A special aspect that has been of increasing interest in the recent years, is the formation
of functional, responsive coatings that can change their properties upon an external stimu-
lus, for instance temperature, solvent polarity, pH value, light, or electric current. To this
end, polymeric coatings are ideal candidates.1 Among the various possible architectures
(e.g. block-copolymers, networks or hydrogels), so-called “polymer brushes” have proven
to be highly suitable for this purpose.2–4 Polymer brushes consist of polymer chains teth-
ered by one end to a planar or curved substrate in close proximity to each other so that
the chains are forced to stretch away from the surface in a “brush conformation”.5 These
systems are capable of responding to external stimuli, generally by reversible swelling-
deswelling behavior. Furthermore, surface coatings with complex swelling behavior can be
created by grafting of mixed polymer brushes.6,7 Exploiting polymer brushes, functional
coatings with switchable properties, e.g. wetting properties,8,9 adsorption behavior,10–12
ion gating13 or electrochemical properties,14 were fabricated.
A very interesting type of polymer brushes are polyelectrolyte brushes, especially if
fabricated from weak polyelectrolytes.15,16 These systems consist of polymers with dis-
sociatable groups, and thus show a swelling behavior that is responsive to changes in
pH and also to changes in the concentration of additional salt, which influences the os-
motic pressure of counter ions inside the brush layer. Two examples for polyelectrolyte
brushes are poly (2-vinylpyridine),17–19 positively charged at a pH value below pH 6.7, and
poly (acrylic acid), increasingly negatively charged above pH2.1.20–22
A very prominent trigger for functional coatings is temperature. There is a large num-
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ber of temperature responsive polymers available,23,24 with poly (N-isopropylacryl amide)
being the most well known example.25–28 Here, the temperature dependent formation of
hydrogen bonds between the poly (N-isopropylacryl amide) chains and water molecules
versus inter- and intra-chain hydrogen bonding is the cause for temperature dependent
swelling of the polymer brush layer.
Because of their open structure and high number of functional groups, polymer brushes
can be used to immobilize nanoscopic moieties as nanoparticles,29–32 dyes33 or biomole-
cules34–37 for example. By combination with their unique properties, new applications in
sensors, medicine and catalysis become possible.
Compared to smooth surfaces, coatings with a structured roughness on the nano- to
micrometer scale show additional properties, which can be further enhanced by function-
alization with polymer brushes. They show unique wetting properties8 and adsorption
behavior,38 and due to their increased surface area, they are of interest for catalysis and
sensor or energy technologies.39–41
The scope of this work is to fathom different possibilities to create functional coatings
with polymer brushes. The immobilization of nanoparticles and enzymes is investigated,
as well as the affection of their properties by the stimuli-responsiveness of the brushes. An-
other aspect is the coating of 3D-nanostructures by polymer brushes and the investigation
of the resulting functional properties of the hybrid material. The polymer brush coatings
are characterized by a variety of microscopic and spectroscopic techniques, with a special
emphasis on the establishment of the combinatorial quartz microbalance/spectroscopic
ellipsometry technique as a tool to characterize the functional properties of the poly-
mer brush systems insitu. The pH-responsive swelling of the polyelectrolyte brushes
poly (acrylic acid) and poly (2-vinylpyridine), as well as the thermoresponsive swelling of
poly (N-isopropylacryl amide) is studied in detail by this technique (chapter 8). Poly (2-
vinylpyridine) and binary poly (N-isopropylacryl amide)-poly (2-vinylpyridine) brushes are
used as templates for the insitu-synthesis of palladium and platinum nanoparticles with
catalytic activity (chapter 9). As an example for the use of polymer brushes to im-
mobilize enzymes, the model enzyme glucose oxidase is physically adsorbed to poly (2-
vinylpyridine) and poly (acrylic acid) brushes and also covalently bound to poly (acrylic
acid) brushes (chapter 10). In the last part of this thesis, sculptured thin films are coated
with poly (acrylic acid) and poly (N-isopropylacryl amide) brushes and the swelling char-
acteristics as well as the adsorption behavior of the model protein bovine serum albumin
are investigated (chapter 11).
8
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2. Polymer brushes
2.1. General Aspects
The term “polymer brushes” defines a system of polymer chains grafted on a surface either
by chemical or physical bonds. Dependent on the relative size of grafting density σ, or the
distance between two grafting sites d, and the characteristic size of the free polymer chain
in solution, the radius of gyration Rg, three different regimes can be observed, defined by
the reduced grafting density Σ = σpiR2g :
5,42
Σ < 1: The chains are not interacting and behave as single polymer chains. Here two
different situations can occur:
If the interaction between polymer and substrate is low, or a good solvent for the
polymer is used, the mushroom regime can be found. Here, the chains appear as a
random coil, which is connected to the substrate by a trunk (Figure 2.1a).
Strong interactions with the substrate or a bad solvent, lead to the so-called pancake
regime (Figure 2.1b).
Σ > 1: Close tethering of the polymer chains induces stretching of the chains in the actual
brush regime (Figure 2.1c), in order to minimize the enthalpic repulsion between
chain segments (“excluded volume effect”). This causes an unfavorable decrease in
entropy of the chain. The thickness of the brush layer h is found by balancing of
these opposing forces. In this regime d is smaller than Rg of the free polymer chain
in solution. High stretching of the chains, defined as the “true brush regime” is
characterized by Σ > 5.
The balance (between enthalpically favored stretching and entropically favored collaps-
ing) can be shifted by changes in the quality of the solvent, rendering the polymer brush
system stimuli-responsive properties. The quality of the solvent can be influenced by var-
ious triggers as temperature, polarity, pH value or ion content, depending on the chemical
nature of the polymer.
The behavior of polymer brushes was first modeled in the 1980s by Alexander43 and de
Gennes:44,45
11
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Figure 2.1.: Schematic of the regimes found in grafted polymer chains, (a) mushroom
regime, (b) pancake regime, (c) brush regime
In this theory, monodisperse polymer chains are grafted on a flat non-adsorbing sub-
strate with d  RG. The polymer chain consists of N statistically distributed segments
with a diameter of a. The free energy F of a chain is defined by two terms, the energy of
the interaction between two chain segments Fint and the elastic energy Fel:
F = Fint + Fel (2.1)
To derive simple expressions for these terms, it is assumed that (a) the depth profile of
the segments is step-wise, which means that the concentration of the chain segments is
constant throughout the brush layer: ϕ = Nσa3/h and (b) the free endgroups of the chains
can all be found in the same distance h from the substrate. To find an explicit expression
for F , an approximation defined by Flory is used:46 the decrease in configurational entropy
is approximated as the result of a random walk from the substrate to the outer border of
the brush. Thus the following equation is derived:
F/kT ≈ νϕ2h/σa3 + h2/R2g (2.2)
With ν being the dimensionless parameter of the excluded volume per chain segment.
The equilibrium height of the brush h0 is found by minimization of F with respect to h:
h0 ≈ Na5/3σ1/3 in a good solvent (2.3)
h0 ≈ Na2σ1/2 in a poor or Θ -solvent (2.4)
12
2.2. Synthesis Meike Ko¨nig - Functional Coatings
In both cases, h is directly proportional to the degree of polymerizationN . For comparison,
chains in solution are characterized by the radius of gyration, for which the following
scaling laws are valid:46
Rg ∼ N0,59 in a good solvent (2.5)
Rg ∼ N0,5 in a poor or Θ -solvent (2.6)
Applying this simple model, many experimental results can be predicted. To gain
information about details of the brush structure, such as the shape of the segment density
profile or the exact position of the free ends of the chains, numerical and analytical self-
consistent field (SCF) theories were developed.47–50 The main result of these calculations
is a parabolic shape of the segment density profile for a medium grafting density and high
molecular weight. Good agreement is found comparing the results of the simple model
with the SCF results, where comparable.
2.2. Synthesis
There are two general ways to fabricate polymer brushes. In the “grafting from” approach,
the polymer chains are synthesized directly at the substrate, while in the “grafting to“
procedure pre-fabricated polymer chains are reacted to the surface.
For the “grafting from” process, the substrate is first coated with a layer of initiator
molecules, then a surface initiated polymerization is started. By this procedure, polymer
brushes with very high grafting densities can be realized. However, due to reduced control
of the reaction, this can result in high polydispersity of the chains. Additionally, analysis
of molecular weight and polydispersity is difficult because of the bond to the substrate.
To fabricate polymer brushes via the “grafting to” procedure, an anchoring layer is
coated on the substrate, followed by chemical or physical reaction of end-functionalized
polymer chains. Here, the polymer synthesis can be done separately in a controlled man-
ner, resulting in very homogeneous polymer brushes. The disadvantage of this method is
the accessibility of only intermediate and low grafting densities, since the chains already
bound to the surface pose a kinetic barrier, which hinders the grafting of further polymer
chains.
In this work, an already optimized “grafting to” method was utilized,51 applying a
macromolecular anchoring layer (poly (glycidyl methacrylate) (PGMA)). Here, instead of
13
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a single monolayer of anchoring points, reactive anchoring groups are situated in the loops
and tail segments of the grafted polymer, which are better accessible for the end groups
of the brush polymer, due to a higher mobility and the formation of an interpenetrating
zone.
2.3. Mixed Polymer Brushes
By statistical or structured grafting of two or more different polymers in the brush system,
switching between different surface properties becomes possible, and for instance sensor
systems with various triggers can be created.6,7, 52–55 The grafting of incompatible poly-
mers results in lateral or perpendicular micro-phase separation.56–58 If a selective solvent
is used, which means that the solvent is only good for one kind of the grafted polymers,
perpendicular phase separation is observed (“dimple structure”). Use of a solvent that is
equally good or bad for the grafted polymers results in lateral phase separation (“ripple
structure”).
Figure 2.2.: Illustration of the micro-phase separation in a binary brush in (a) unselectively
poor, (b) unselectively good and (c,d) selective solvent
The “grafting to” method allows the facile preparation of mixed brushes with varying
polymer compositions.59 If the grafting kinetics are well studied, the grafting density of
the first grafted polymer can be varied, for instance by the annealing time. In the next
step, the second polymer is reacted to the remaining anchoring groups on the surface.
14
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2.4. Guiselin Brushes
The term “guiselin brush” denominates polymer brushes, where the chains are not end-
grafted, but possess several grafting points along the chains, forming loops and tails.
These layers can be formed by physical adsorption,60,61 or via chemisorption.62 Scaling
laws were developed and it was found that the guiselin brush can be regarded as a very
polydisperse pseudobrush:
h = aN5/6
where h is the thickness of the guiselin brush, a the size of a monomer and N the degree of
polymerization. For chemisorbed guiselin brushes the monomer density profile was found
to consist of two regions, a dense inner region and a thinner outer region.
The PAA guiselin brushes used in this thesis were prepared by a method established
by E. Bittrich.63 In this procedure, PAA chains are grafted by annealing a spin-coated
polymer layer below the glass temperature of PAA (105 ◦C), in order to react only a small
number of carboxylic acid groups to the anchoring layer. Experiments done by E. Bittrich,
showed that the swelling ratio was similar to end-grafted PAA brushes.
Figure 2.3.: Schematic of a Guiselin Brush: Polymer chains are tethered to the surface by
multiple anchoring points, forming loop and tail segments
15
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2.5. Polyelectrolyte Brushes
The existence of charges on the chains of polyelectrolytes induces drastical changes in the
behavior of those polymer brushes. In these systems, the ion strength of the bulk solution
becomes an important parameter for the brush profile. Two regimes were predicted and
experimentally verified: the “osmotic brush regime” and the “salted brush regime”.64–70
In the osmotic brush regime, the concentration of the ions in solution is lower than the
concentration of ions trapped in the polymer brush layer by counter ion condensation.
This leads to a scaling law where the height of the brush strongly depends on the osmotic
pressure of the ions in the brush layer, determined by the degree of ionization of the
polymer chains f :
h ∝ f1/2N (2.7)
In the salted brush regime, the concentration of the ions inside the brush layer is about
the same as in solution. This results in deswelling of the polymer brush with increasing
ionic strength of the bulk solution, due to the increased screening of the charges along the
polymer chains.
In weak polyelectrolyte brushes (“annealed brushes”), an additional pH-responsive com-
ponent leads to an increased complexity of the swelling behavior.15,71 Here the degree of
ionization of the polymer chains in the brush layer becomes dependent on pH and is
generally lower than the ionization of a free chain in solution fsol:
f ∼
[
fsol
1− fsol
a (cH+ + cS)
σ
]2/3
(2.8)
Where cS is the concentration of salt ions. While in the salted regime the annealed
brush scales similar to the “quenched brushes” (strong polyelectrolytes) with decreasing
thickness upon increase of the ionic strength, a different scaling behavior is found in the
osmotic brush regime: here the brush swells with decreasing ionic strength of the bulk
solution and also with decreasing grafting density:
h = Na4/3
(
fsol
1− fsol
(cH+ + cS)
σ
)1/3
(2.9)
Experimental studies did show general agreement with these theoretical predictions,
although the dependence on the concentration of ions was found to be lower.20,72 This
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was attributed to the neglect of sterical interactions in the theoretical calculations.
In this work, two different polyelectrolyte brushes were used: the weak polybase poly (2-
vinylpyridine) (P2VP), positively charged at a pH value below pH 6.7, and the weak poly-
acid poly (acrylic acid) (PAA), increasingly negatively charged above pH 2.1.
Figure 2.4.: Chemical Structure of the weak polyelectrolytes P2VP and PAA
2.6. LCST-Behavior
Phase separation upon heating is a very common phenomenon in non-ionic water-soluble
polymers.23,24 These polymers possess an amphiphilic character with both hydrophilic
groups (which can interact with water via hydrogen bonds) and hydrophobic groups (as
the backbone or side chains) co-existing in the molecules. The stability of the polymer
solution thus depends on the balance between attractive forces, exerted by the hydrogen
bonds, and the extent of entropy loss due to the formation of an ordered hydration layer
surrounding the hydrophobic parts (“hydrophobic effect”).
At low temperatures, the effect of the hydrogen bonds is dominant, and the polymer
is swollen. The magnitude of the hydrophobic effect increases with temperature, leading
to an increasing influence of the repulsive force with temperature. At the transition
temperature Tc, which for the critical polymer concentration is known as the Lower Critical
Solution Temperature (LCST), the hydrophobic effect becomes dominant and the polymer
chains collapse. This leads to release of water molecules and also, depending on the kind
of polymer, the formation of energetically favorable intra- and inter-molecular hydrogen
bonds.
This behavior was first reported for poly (N-isopropylacryl amide)(PNIPAAm),73 which
is until now the most commonly studied polymer showing LCST-behavior.74–76
For this and similar polymers, the formation of hydrogen bonds between chain segments
was shown to lead to a delayed re-dissolution of polymer chains, resulting in deviation of
the cooling from the heating curve, the so-called “thermal hysteresis”.75,77,78
17
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Figure 2.5.: Chemical Structure of PNIPAAm
Effect of grafting PNIPAAm brushes have received wide-spread interest for the devel-
opment of thermoresponsive coatings,26–28 especially in the field of biological applica-
tions.35,79,80 In this confined situation, the phase transition of the grafted PNIPAAm
chains was found to occur over a broader temperature range with respect to the sharp
transition observed in solution.26,27,81 This had been theoretically predicted to stem
from the interchain interactions between densely tethered polymer chains,49,82,83 render-
ing the polymer brush sensitive to gradual changes in the quality of the solvent. Reports
in literature showed that broadening of the transition increases with decreasing grafting
density,28,81 which was discussed as an effect of decreased cooperativeness between less
densely grafted chains. Additionally, the position of Tc was found to increase with in-
creased grafting density, whereas the highest amplitude of swelling was found for brushes
with intermediate grafting density.
Effect of additional salt The addition of ions to the aqueous solution was found to
influence the position of the phase transition.74,84 This effect is widely known as the
“Hofmeister effect”, describing the ability of anions and cations to influence many crucial
properties of a solution.85–88 The “Hofmeister series” is the typical order of how different
anions or cations influence the stability of a solution, for instance: SO2−4 > F
− > Cl− >
Br− > NO−3 > I
− > ClO2−4 > SCN
−.
This effect was initially discussed as a change in the ordering of the water structure, and
according to this, ions were divided in “kosmotropic” (structure breakers, with a “salting-
out” effect), on the left of the Hofmeister series, or “kaotropic” (structure makers, with
a “salting-in” effect), on the right side of the Hofmeister series.89–91 The difference was
explained to originate from the strength of the hydration of those ions. The flaw in this
argumentation is that not all ions fit into this picture and no quantitative prediction of
the magnitude of the Hofmeister effect could be done by evaluation of the contributions to
the free energy of hydration ∆Ghyd. In recent reports, the Hofmeister effect was discussed
to partly arise from direct interaction between the ions and the solute.92–95 In the case
of PNIPAAm, Zhang et al. discussed three mechanisms contributing to the shift of Tc to
18
2.6. LCST-Behavior Meike Ko¨nig - Functional Coatings
lower temperatures: (a) dehydration of the amide groups, due to favorable hydration of
the small ions, (b) a change in surface tension affecting the hydration of the hydrophobic
parts of the polymer and (c) direct interaction of the anions with the amide groups, which
leads to weakening of the hydrogen bonding of the amide groups to the water molecules.93
In this context, direct interaction of SCN− was detected by microcalorimetric studies.96
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3. Nanoparticles
3.1. General Aspects
When the size of a material is reduced to the nanoscale, novel properties of the material
emerge.97,98 On the one hand, this is due to the high surface-to-volume ratio, on the
other hand the change in size results in a change of the energy levels. In the bulk, the
high number of overlapping atomic orbitals creates a continuum of energy states, while
reducing this number leads to quantization. Nanoparticles form the transition between a
molecular species and the macroscopic bulk and their properties can be influenced by size,
shape and constitution of the surface.
In semi-conductor particles (“quantum-dots”), the size of the valence-conduction band
gap depends on the size of the particle. This quantum effect appears when the size of the
particle is in the range of the wavelength of the electrons - dependent on the material,
this is around 10 nm.99 Due to this, the properties of these particles, for instance optical
properties, can be controlled by their size.
Caused by the quantization of the electronic states, the electrons in a metallic nanopar-
ticle are no longer delocalized in the conduction band, but localized at the atomic cores.
Only a small part of these electrons is free to move over the whole volume of the particle.
A special characteristic of metallic nanoparticles is the possible excitation of vibrations of
the surface of the electron cloud, so-called “surface plasmons”. The resonance frequency of
this excitation is detected as a characteristic peak in the optical spectrum. For the noble
metals, gold, silver and copper, this absorption is most prominent, for other transition
metals, it is more unspecific, due to the coupling with inter-band transitions.
The high surface-to-volume ratio renders nanoparticles high catalytic activity, since the
unsaturated atoms on the surface, constituting the active centers, form the main part
of the total number of atoms. On the downside, this reactivity leads to the necessity of
stabilizers, for instance surfactants or polymers, to partly saturate the surface and prevent
agglomeration of the particles by sterical or electrostatic repulsion.
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3.2. Synthesis of Metallic Nanoparticles
In general, every process that leads to deposition of metals can be utilized for the synthesis
of metallic nanoparticles. Among the most common are reduction of a salt,100 electrochem-
ical processes,101 and the decomposition of organo-metallic compounds via thermolysis102
or radiolysis.103 The addition of suitable stabilizers limits the growth of the particles to
the nanoscale.
Investigation of the mechanism for the formation of particles has been investigated since
the 1950s.104–108 The mechanism can be divided into two steps: nucleation and growth.
By reduction of ions to zero-valent metal atoms, nuclei are formed, on which further atoms
can be attached, or ions are directly reduced to atoms in an auto-catalytic process. Larger,
secondary particles are formed by aggregation of growing particles. Nanoparticles with a
narrow size distribution can be synthesized by ensuring a fast and simultaneous nucleation,
followed by slow, uniform growth. The addition of stabilizers limits the further growth
of particles and prevents agglomeration, depending on their coordination strength. The
size of the particles can be controlled by careful selection of the stabilizer, by the molar
ratio of salt, stabilizer and reduction agent, and by the reaction time, temperature and
pressure.
In this work, palladium and platinum nanoparticles were synthesized by chemical reduc-
tion of palladium chloride and hexachloroplatinic acid, respectively, directly inside P2VP
brushes. Here, the pyridine groups of the polymer act as stabilizer for the nanoparticles
and the nanoparticles are confined within the brush layer.
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4.1. General Aspects
Proteins are biopolymers, which are omnipresent in living organisms.109,110 They have
multiple functions such as structure builders, transporters, messengers, signal detectors or
catalysts. Proteins are synthesized in the nucleus of the cell as a controlled sequence of
amino acids, transcribed from the DNA. Amino acids can be polymerized by there common
structural feature, an amino group and a carboxylic group at the α-C atom, forming a
stable peptide bond. They differ in their side chains, which can be a simple hydrogen
atom as in glycin, a polar or unpolar, acidic or basic, or aromatic group (Figure 4.1).
Figure 4.1.: (a) Five examples of amino acids, (b) reaction of two amino acids forming a
peptide bond
Interactions between the amino acid components of different segments of the protein or
other protein chains, build up the structure of the protein, its folding, which is essential
for the function of the protein. This structure is hierarchical and is divided in four levels:
The sequence of the amino acids forms the primary structure, which interacts via hydrogen
bonds of the peptide backbone with other segments of the protein, to form either a random
coil or structures as the β-sheet or the α-helix (secondary structure). The tertiary structure
is the 3D-structure of a single protein chain, while the quaternary structure characterizes
the interaction with other protein chains, forming a protein complex. Both are stabilized
by interactions of the side chains of the protein, which can be a covalent disulfide bond or
weak interactions, such as hydrogen bonds or ionic interactions.
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The distribution of acidic and basic side chains along the protein backbone determines its
overall charge, dependent on the dissociation constants, the pKa values, of the functional
groups. For all proteins a specific pH value exists, where the molecule is equally positively
and negatively charged, rendering the protein an overall neutral character. This is the
“isoelectric point” (IEP). If the pH of the ambient of the protein is below the IEP, the
protein bares an overall positive charge. If the pH is increased above the IEP, the protein
is increasingly negatively charged.
Bovine Serum Albumin is a globular protein, derived from the blood plasma of cows,
which is commonly used as a model protein and protein concentration standard, due to
its ease of isolation and purification, its stability and low cost. It consists of a single
polypeptide chain consisting of about 583 amino acid residues,111,112 with a globular
shape of ∼7 nm in diameter.113 The main biological function of albumin is to regulate the
colloidal osmotic pressure of blood, since it binds to fatty acids, bilirubin, hormones and
drugs via a hydrophobic cleft. The IEP was found to vary with the fatty acid content,
from 5.6 for defatted BSA to 4.7 for endogenous material.114 In this work, defatted BSA
(A6003, defatted, Sigma Aldrich, USA) was used.
4.2. Enzymes
Enzymes are mostly proteins with catalytic functions (the only exception being catalyti-
cally active ribonucleic acid), which ensure the possibility of reactions under mild condi-
tions in living organisms. They possess so-called “active centers” which interact with the
reactant (called substrate). The active centers are often located in protected clefts of the
enzyme, formed by the tertiary structure of the protein. The outstanding property of en-
zymes is their high substrate - specificity. As an explanation for this specificity, E. Fischer
developed the “Key-Lock” principle in 1894,115 where the substrate has exactly the right
size and shape to fit into the pre-formed cleft of the enzyme. This simplistic concept was
replaced later by the “induced-fit” model, introduced by D. E. Koshland.116 This model
accounts for the conformational flexibility of the enzyme by proposing an interactive pro-
cess, where binding of the substrate changes the shape of the enzyme to induce the optimal
fit into the pre-formed cleft.
While enzymes catalyze a wide variety of reactions, they rely on so-called “cofactors”
to catalyze oxidation-reduction reactions or many types of group-transfer processes. Co-
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factors may be complexed metal ions or organic molecules, which are called “coenzymes”.
Some coenzymes are only temporarily bound to the enzyme and can be regarded as co-
substrates. Others are permanently bound via covalent or non-covalent interactions, form-
ing a so-called “prosthetic group”. During the enzymatic reaction, the coenzymes are
changed and thus have to be returned to their original state to complete the catalytic cy-
cle. One example for a coenzym mediating oxidation-reduction processes is flavine adenine
dinucleotide (FAD).
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Glucose Oxidase (GOx) is a dimeric glycoprotein consisting of two subunits covalently
linked via disulfide bonds, containing 10-17% carbohydrates.117–120 Each of the subunits
non-covalently binds to one FAD molecule as a cofactor. GOx is a slightly elongated
globular protein with an average diameter of 8 nm and a molecular mass in the range of
∼150 kDa. Various fungi, such as Aspergillus niger, produce this enzyme and are used
for industrial production. GOx has a high substrate specifity for β-D-Glucose. In the
reductive part of the enzymatic reaction, GOx catalyzes the oxidation of β-D-Glucose to
D-glucono-δ-lactone, which is directly hydrolyzed to gluconic acid in a non-enzymatical
reaction. Subsequently, the FAD bound to GOx is reduced to FADH2. In the second,
oxidative part of the reaction, FADH2 is reoxidized by O2 to yield H2O2 (Figure 4.2). In
this work, GOx from Aspergillus niger (G6125, Sigma Aldrich, Germany) was used.
Figure 4.2.: Schematic of the oxidation of glucose catalyzed by glucose oxidase
GOx is found as a natural preservative in honey and is industrially used as food additive
and in biosensors for detection of glucose in blood and urine or in industrial fermenting
solutions.
4.3. Physical Adsorption of Proteins on surfaces
Physical adsorption of proteins on surfaces is a well-studied phenomenon,121–125 since it is
vital, for instance for the fields of implant technologies,126,127 marine engineering,128,129
or bio-sensor development.130 In the particular field of enzymes, physical adsorption is
one of the most common methods to immobilize the biocatalysts on carriers, for ease of
industrial applications.131–134
The adsorption process is determined by the respective properties of the surface and
the protein, which governs the adsorbed amount, the structure of the adsorbed layer and
the kinetics of the adsorption process. The driving force for adsorption usually consists of
both enthalpic and entropic contributions, while either the one or the other might be the
dominant one. Enthalpic contributions can be van-der-Waals interactions, hydrophobic or
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electrostatic interactions; the entropy might be increased during the adsorption process
due to release of counter ions or water molecules or reduction of the amount of structured
protein sections (due to conformational changes induced by the adsorption).
Polyelectrolyte brushes represent a special form of designed coatings for the adsorption
of proteins.135–138 While the driving force for adsorption on polymer brushes, charged
oppositely to the protein, is obviously the coulombic attraction, a large adsorbed amount
can be found also under overall electrostatically repulsive conditions (“adsorption on the
wrong side”). Only upon changing the pH above a certain threshold value away from
the IEP, reduced adsorption can be found.135,139–141 Two explanations for this behavior
were suggested: the patchiness of the protein and the effect of charge regulation. While
proteins may have a certain net charge, still patches of the opposite charge exist on the
protein – the nearer to the IEP, the more. These patches can interact electrostatically
with the polyelectrolyte brush. The release of counter ions, condensated in the brush and
on the protein, creates an entropic driving force for this process. The second suggested
explanation, is based on the influence of a local electrostatic potential on the degree of
dissociation of the acidic or basic groups on the protein. The strong electrostatic potential
might be sufficient to reverse the net charge of the protein, in order to achieve electrostatic
attractive conditions. Both effects are influenced by the ionic strength of the solution, and
at high salt concentrations, adsorption is reduced to a minimum. Theoretical calculations
show that both effects are able to influence the free energy of adsorption in the same order
of magnitude, therefore, it is assumed that both factors contribute to the phenomenon of
adsorption on the wrong side.
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5. Sculptured Thin Films
In recent years, 3D-nanostructured materials received increased interest, due to their in-
triguing material properties, which can differ considerably from the corresponding bulk
materials. These structured surfaces have great potential for applications in biotechnology,
electronics or sensor technology.38,40,142,143 The production via “Glancing Angle Deposi-
tion” (GLAD) offers the possibility to fabricate structured surfaces with a variety of mor-
phologies from many diverse materials, so-called “Sculptured Thin Films” (STF).144–147
Glancing Angle Deposition
The fact that films prepared via physical vapor deposition possess an anisotropic mor-
phology has been known since the late nineteenth century.148,149 This anisotropy leads
to special physical properties, such as dichroism, birefringence or anisotropic resistivity.
Based on this, the GLAD technique was developed for the fabrication of thin films with
columnar structures on the micro- and nanoscale.150
Figure 5.1.: Illustration of the GLAD technique: Deposition is done at an oblique angle α,
stochastic nucleation leads to self-shadowing (a), resulting in columnar growth
with a slanting angle θ (b)
The deposition of a material at oblique angles (that is, the vapor flux is not parallel to
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the substrate normal) is influenced by a “self-shadowing” effect. In the first step, stochastic
nucleation of the evaporant occurs on the substrate. The region behind the nucleus falls
in its shadow and is thus less available for further deposition (Figure 5.1(a)).
Rotation of the substrate during the deposition process, changes the shadowing dynam-
ics and offers the possibility for further structuring. Four principle types of structures can
be sculptured: (a) if the substrate is not rotated, a slanted columnar structure evolves
(Figure 5.1(b)), (b) rotation by 180◦ at fixed growth intervals results in chevronic, or zig-
zag columns, (c) slow and constant rotation creates chiral, helical structures, where the
pitch is determined by the rotation speed in relation to the growth speed, (d) fast rotation
at a speed, where the pitch of the helices equals the diameter of the column, results in
vertical columns.
Additionally, deposition on pre-seeded patterned layers permits the fabrication of very
uniform columnar structures arranged in periodic arrays.151
Experimental details For experiments described in this thesis, STF were fabricated by
electron beam evaporation of Si onto either Si wafers (University Wafer, South Boston,
MA) or gold-coated quartz crystal microbalance sensors (Q-Sense Inc., Linthicum Heights,
MD) for further analysis. Si pellets (Super Conductor Materials, Inc., Tallman, NY)
were evaporated at a vapor flux angle of 88◦ with respect to the substrate normal, to
fabricate slanted columns. The background pressure of the evaporation chamber was in
the low 10−8 mbar range for the preparation of all STFs. All samples were deposited at
a constant vapor flux of approximately 3.5 A˚s−1, which was measured with a deposition
controller mounted normal to the flux direction. Following the fabrication process, General
Ellipsometry (GE) measurements were acquired for all samples to verify sample thickness,
column orientation, slanting angle, and optical anisotropic properties of the nanostructured
thin film.
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6.1. Spectroscopic Ellipsometry
Ellipsometry is a non-destructive method to characterize thin films by measuring the
change in optical polarization of a beam of light, which is reflected from a surface or
transmitted through a thin sample.152,153
Figure 6.1.: Illustration of an ellipsometry measurement in reflection mode: the sample
is illuminated with linearly polarized light, and the changes in polarization
occurring upon reflection are measured
6.1.1. Theory of Ellipsometry
Light as an electromagnetic wave consists of an electric field ~E and a magnetic field
~B, perpendicular to ~E. Both field vectors are aligned perpendicular to the direction of
propagation described by the wave vector ~k. All states of polarization can be described
by the behavior of ~E: the most general case is elliptic polarization, where the endpoint of
~E precesses along an elliptic trajectory. In linear polarized light, the vector oscillates in a
single plane, whereas in circular polarized light, the trajectory of ~E is circular.
The Jones vector describes the electric field of the incident (i) and reflected (r) beam:
~Ei =
|Eip| exp(iδip)
|Eis| exp(iδis)
 , ~Er =
|Erp | exp(iδrp)
|Ers | exp(iδrs)
 (6.1)
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Where |Ep| and |Es| are the amplitudes of the vector components parallel (p) and per-
pendicular (s) to the plane of incidence and δp and δs are their absolute phases at initial
time t = 0. In ellipsometry, the changes in amplitude Ψ and the relative phase shift ∆ of
the p-component with respect to the s-component is measured upon the reflection of light
from a surface:
∆ = (δrp − δrs)− (δip − δis) (6.2)
tan Ψ =
|Erp |/|Eip|
|Ers |/|Eis|
(6.3)
The Jones matrix is used to describe the reflection from an ideal surface by four complex
reflection coefficients (Fresnel coefficients):
Jˆ =
rpp rps
rsp rss
 =
 ~Erp/ ~Eip ~Ers/ ~Eip
~Erp/
~Eis
~Ers/
~Eis
 (6.4)
usually this is rewritten as the normalized Jones matrix
Jˆ ′ =
rpp/rss rps/rss
rsp/rss 1
 =
 tan Ψ exp(i∆) tan Ψps exp(i∆ps)
tan Ψsp exp(i∆sp) 1
 (6.5)
In isotropic samples, the cross-polarization reflection coefficients, rps and rsp, normally
equal zero.
Mueller Matrix Ellipsometry While the Jones formalism is appropriate for many cases, it
is not able to describe samples that depolarize the incident light beam.152–154 To describe
the change in polarization of light reflected from a complex sample (for instance optically
anisotropic and rough), the Mueller-Stokes formalism is used, which can describe polarized,
partially polarized and unpolarized light. The 4×4-Mueller Matrix characterizes the light-
sample interaction and relates the state of polarization of the incident beam with the state
of polarization of the reflected beam, which are both described by a Stokes vector:
~S′ = MˆS (6.6)
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All possible states of polarization can be described by four real quantities, the Stokes
parameters, which have the dimension of intensity:
~S =

I0
I0 − I90
I45 − I−45
Irc − Ilc
 (6.7)
where I0 is the total intensity of the light beam, I45, I90 and I−45 are the light intensities
for linearly polarized light at 45◦, 90◦, and -45◦with respect to the plane of incidence,
and Irc and Ilc are the intensities of right- and left-circularly polarized light. The sample
Mueller Matrix is usually presented normalized, with respect to the m11 component:
Mˆ =

1 m12 m13 m14
m21 m22 m23 m24
m31 m32 m33 m34
m41 m42 m43 m44
 (6.8)
If the sample is isotropic, the Mueller matrix is given by
Mˆ =

1 −N 0 0
−N 1 0 0
0 0 C S
0 0 −S C
 (6.9)
where
N = cos 2Ψ, (6.10)
S = sin 2Ψ sin 2∆, (6.11)
C = sin 2Ψ cos 2∆ (6.12)
6.1.2. Ellipsometry setups
The main components of an ellipsometer are the source of light, the polarizer (P), which
creates linear polarized light, and a phase inducer (e.g. compensator (C)) positioned before
the sample (S), and an analyzer (A) (which is a second polarizer) and a detector positioned
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behind the sample. This is the basic PCSA configuration of an ellipsometer, whereas also
the PSCA configuration is commonly used. The configuration before the sample creates
a known polarization state of light incident on the sample, and the change in polarization
produced by the sample is analyzed by the components behind it. Polarizer, analyzer
and compensator consist of materials having a specific, known interaction with light. In
modern ellipsometers, usually setups with rotating components (polarizer, analyzer or
compensator) are used, for faster and more accurate measurements. For spectroscopic
ellipsometry, a light source producing white light is used along with a monochromator to
obtain ellipsometry data at many different wavelengths.
6.1.3. Modeling
The reflection properties of a sample depend on the dielectric function of the measured
layers and the substrate, as well as the thickness of the layers.
Since it is not possible to directly calculate the optical properties of a sample from
ellipsometry data, data analysis mostly consists of fitting experimental data to a model.
The first step is to design the model according to the known basic structure of the sample.
Optical functions are assigned to each layer of the model, either using tabulated data sets
or a parameterization of some kind:
Cauchy dispersion The Cauchy dispersion is a parameterized description of the wave-
length dependence of the refractive index of a material:
n(λ) = A+
i∑
j=1
Bj
λ2j
This description is only valid in a limited spectral range, where the material is transparent
and shows no absorption (k = 0). This dispersion is commonly applied to describe the
refractive index of polymer films in the visible spectral range.
Effective medium approximation The effective medium approximation (EMA) calcu-
lates the optical properties of a thin film as an average of two or more sets of optical
functions. There are three common theories, which differ in the way how the average
between a host material and its inclusions is calculated. In the Lorentz-Lorentz theory
the host material is air and it assumes unrealistic mixing on the atomic scale. This is the
earliest EMA theory. In the Maxwell-Garnett theory, the host material is the material
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with the largest constituent fraction. The Bruggeman EMA (B-EMA), on the other hand,
does not make any assumption concerning the material that has the highest fraction.
For instance, the refractive index can be calculated by the B-EMA as
0 =
m∑
j=1
fj
n2j − n2
n2j + 2n
2
where fj is the volume fractions of component j, n is the combined refractive index and
nj the refractive index of the component.
To model anisotropic layers, the B-EMA can be modified by introducing depolarization
factors (AB-EMA).
Fitting Procedure The last step is the actual fitting process, where the fitting routine
alternately calculates the ellipsometry parameters from the chosen model and compares
the output with the measured data. Then the routine is started again with slightly changed
starting parameters. If the “goodness” of the fit does not change within a defined range,
the routine is stopped. The critical point here is the measure of the “goodness” of the fit.
One of the most common choices for this is the mean squared error (MSE) given by
MSE =
1
N −m− 1
N∑
j=1
[ρexp (λj)− ρcalc (λj , ~z)]2
where N is the total number of data points taken, ρexp (λj) is the experimental data points
taken at different values of the wavelength of light λj , ρcalc (λj , ~z) is the calculated value
of that experimental parameter at λj and for a particular set of the variable parameters,
indicated by the vector ~z.
Of importance is that the MSE depends on the representation of the data, since the
dimension of the MSE is the square of the units of the measured quantities.
Instrumentation In this thesis, the brush preparation on silicon wafers was monitored
by a single-wavelength SE400adv ellipsometer (SENTECH Instruments GmbH, Berlin,
Germany). Insitu-studies were done on an alpha-SE (J. A. Woollam Co., Inc., Lincoln
NE, USA), equipped with a rotating compensator, within a batch cuvette (TSL Spectrosil,
Hellma, Muellheim, Germany).155 All measurements were performed in the spectral re-
gion 370-900 nm at an angle of incidence of 70◦. For analysis the CompleteEase R©software
(Version 4.64, J. A. Woollam Co., Inc., Lincoln NE, USA) was used. Exsitu-measurements
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described in chapter 11 were done using a M-2000V spectroscopic ellipsometer (J.A. Wool-
lam Co., Inc., Lincoln, NE, USA) equipped with a rotation stage to acquire spectroscopic
data at multiple discrete wavelengths between 400 and 1700 nm, at four angles of incidence
(AOI: 45◦, 55◦, 65◦, and 75◦), and 0-360◦ rotation (in steps of 12◦) in the polar azimuth
plane. For analysis of these measurements the WVASE32 software (Version 3.768b, J. A.
Woollam Co., Inc., Lincoln NE, USA) was used. Additionally, a combinatorial QCM/SE-
setup was used, which is described below.
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6.2. Quartz Crystal Microbalance
The quartz crystal microbalance (QCM) is a method to study the properties of thin films
in air or liquid.156–159 The physical principle is based on the inverse piezoelectric effect,
where the application of alternating voltage to a piezoelectric crystal leads to an oscillatory
motion. At the resonance frequency of the material F0 or its overtones Fn, a standing wave
is induced. For the QCM, quartz sensors with a special AT-cut are utilized, where the
oscillatory motion leads to vibration in the “shear-thickness” mode, an antiparallel motion
of two opposing surfaces (Figure 6.2a). The resonance frequency of the quartz sensor is
sensitive to changes induced by the contact with the ambient and processes occurring
on its surface, for instance adsorption processes, which can be observed insitu in high
temporal resolution. Broadly speaking, a highly viscous medium or loading of the crystal
with additional mass, leads to damping of the shear-wave. Since the QCM is sensitive for
both the properties of the thin film and the bulk medium, reference measurements of the
bare sensor in the same medium are necessary to separate the two components. Another
aspect which has to be regarded is that although the QCM measures the absolute resonance
frequency and its overtones of the sensor, slight differences in mounting can change these
frequencies. Therefore, in real terms, only the frequencies of the same measurement can
be compared and data is shown in reference to a certain point of the measurement.
Figure 6.2.: Schematic of the QCM Principle: a) oscillating of the quartz sensor in the
“shear-thickness” mode; b) decay curve in the “ring-down” method, blue:
crystal oscillating in air, red: crystal oscillating in a highly damping medium
(Figure adapted from Ref159)
QCM with dissipation monitoring (QCM-D) is a special mode of operation, developed
by Rodahl et al..160 In this “ring-down” mode, the applied alternating voltage is turned off
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intermittently, leaving the oscillations to decay. This induces a voltage in the piezoelectric
crystal, which is recorded by the instrument. The time of decay is related to the loss of
energy (Dissipation Dn), for instance due to contact of the surface of the quartz with a
viscous medium or a thin viscoelastic film (Figure 6.2b).
6.2.1. Modeling
Sauerbrey equation For homogeneous, rigid films, showing only small shifts in dissi-
pation (∆Dn/ − ∆Fn/n  4 × 10−7 Hz−1, for a sensor with the fundamental resonance
frequency FF = 5 MHz), the Sauerbrey equation is valid:
156
∆Fn = − n
C
mf
where mf is the areal mass density of the adsorbed film and C is the mass sensitivity
constant, which depends on the material properties of the quartz crystal. For a crystal
with FF = 5 MHz, C = 18 ng cm
−2 Hz−1. Here, the mass of the film mf will include
the mass of the adsorbate plus the mass of the solvent inside the adsorbate layer and
additional solvent which is acoustically coupled to the quartz surface, that is, moving with
the oscillatory motion of the quartz sensor. If the density of the film is known, for instance
from an independent measurement, the thickness of the measured film can be derived.
Viscoelastic Modeling If ∆Dn is sufficiently large, than the QCM-D is sensitive for the
viscoelastic properties of the film, described by the complex shear modulus G = G′+ iG′′.
Here, the storage modulus G′ describes material elasticity, while G′′ = ωη is the loss
modulus, describing the viscous energy dissipation in the material with the viscosity η.
By a continuum model based on the analysis of shear wave propagation in viscous media,
the response of the QCM can be related to the areal mass density of the film, bound to
the surface of the sensor under no-slip conditions, and its viscoelastic properties (“Voigt-
Voinova approach”):161–163
∆F =
(
− ηl
2pimqδl
− mfω
2pimq
)(
1− 2
ρf
(
ηl
δl
)2 G′′
G′2 +G′′2
)
(6.13)
∆D =
1
pifmq
ηl
δl
+ 2
(
ηl
δl
)2 mfρf ωG′
G′2 +G′′2
 (6.14)
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where the index l and f correspond to the bulk liquid and the film, respectively, and ω
is the angular resonance frequency, ρ the density, and δl =
√−2ηl/ρlω the viscous length
of a newtonian liquid or the decay length (the decay length for pure water is ∼ 250 nm).
In this approach, a linear relationship between the frequency and G′ and G′′ is assumed.
Since negative dissipation values are physically impossible in this context, measurements,
where the viscoelasticity of the layer decreases, have to be referenced to the point of lowest
dissipation.
6.2.2. Combinatorial QCM-D/SE
Recently, the combination of the two techniques QCM-D and SE has received increased
attention.138,164–169 While both methods can be evaluated in terms of the change in areal
mass or thickness of a thin film upon adsorption or swelling, a large difference was reported
between the areal mass derived from QCM-D and the one derived from SE, where the mass
found by the former method is significantly larger. This is attributed to a difference in
contrast of the two measurement techniques, thereby differing in the definition of the outer
boundary of the thin film. Here, the use of a combined setup for both techniques ensures
the comparability of the measurements.
Domack et al. investigated the temperature dependent swelling of a polystyrene brush
in cyclohexane. They related the observed difference in thickness to the parabolic segment
density profile of the brush, where the acoustic wave is mostly reflected in the dilute outer
tail of the segment density distribution.164
St˚algren et al. monitored the adsorption of a surfactant on surfaces with different hy-
drophobicity, and discussed the difference between QCM and SE in terms of water trapped
within the layer and water in a hydration layer acoustically coupled to the shear motion
of the sensor.166
Figure 6.3.: Schematic of the combinatorial setup of QCM-D and SE
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Instrumentation A combinatorial QCM-D/SE setup consisting of an E1 QCM-D and
an ellipsometry compatible module (Q-Sense, Inc.), mounted onto the sample stage of an
alpha-SE spectroscopic ellipsometer (J.A. Woollam Co., Inc., NE, USA) with a fixed angle
of incidence (AOI) of 65◦, was used. The ellipsometry-compatible module is an air-tight
liquid flow chamber, into which the sample is inserted for insitu analysis; the module
has windows for the probing light beam of an ellipsometry measurement. Flow of liquid
medium is facilitated by means of chemical resistant PTFE tubing (VICI AG International,
Switzerland), which is connected to a peristaltic flow pump (Ismatec IPC high precision
multichannel dispenser, IDEX Health & Science GmbH, Wertheim-Mondfeld, Germany).
Experiments described in section 9.2 and chapter 11 were performed with a similar setup,
but instead of an alpha-SE ellipsometer, a M-2000 spectroscopic ellipsometer (J.A. Wool-
lam Co., Inc., NE, USA) was used. Shifts in frequency and dissipation of the odd overtones
j= 5,7,9,11 with reference to the measurement with the smallest dissipation value, were
modeled by either a Voigt-Voinova model for one homogeneous viscoelastic layer with a
fixed density of 1 g cm−3 or the Sauerbrey relation using the software QTools (Q-Sense,
Fro¨lunda, Sweden). As a reference for modeling of measurements at varying tempera-
tures, a bare sample was measured with the same temperature changes. The measured
temperature-dependent change in frequency and dissipation was subtracted from the raw
data of measurements of sensors functionalized with polymer brushes.
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6.3. Attenuated Total Reflection - Fourier Transform Infrared
Spectroscopy
Light of the energy in the range of 10 000 cm−1 to 10 cm−1 is able to excite vibrational
modes of bonded atoms in molecules. Different modes, such as stretching, bending or
torsion modes are possible. Infrared Spectroscopy (IR) is sensitive to vibrational modes,
which lead to a change in the dipole moment of the molecule.170
Attenuated Total Reflection - Fourier Transform Infrared (ATR-FTIR) Spectroscopy is
a reflectional method to record the infrared spectra of thin films in dry state or in solution,
first introduced in the 1960s.171,172 The principle is based on the phenomenon of total
internal reflection of light and the emergence of an evanescent wave. Total reflection occurs
when light is directed at a phase boundary at an angle above a certain critical angle θc,
if the second medium has a smaller refractive index n than the first medium. The critical
angle is defined by Snell’s law:
sin θi =
n2
n1
sin θt (6.15)
θc is defined as the angle of incidence θi at which the exit angle of the transmitted light
would be θt = 90
◦:
θc = arcsin
(
n2
n1
)
(6.16)
Even under the conditions of total reflection, the electromagnetic field is not immediately
dropping down to zero at the phase boundary. An evanescent wave is created, propa-
gating along the phase boundary, which decays exponentially with the distance from the
boundary. The factor of decay depends on the wavelength of the light. If an absorbing
material is present on this side of the phase boundary, the electric field is attenuated and
not completely reflected. This phenomenon is called the “attenuated total reflection”.
The absorbed light can be determined to record the absorption spectrum of the absorbing
material. Figure 6.4 depicts the principle of ATR-FTIR spectroscopy.
In ATR-FTIR spectroscopy, a special ATR crystal with a high refractive index (for
instance ZnSe, Ge, Si or diamond) is used, which is brought into contact or is directly
coated with a liquid or solid sample. The choice of the length and the thickness of the
crystal determines the number of reflections inside the crystal.
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Figure 6.4.: Schematic of the ATR Principle
6.3.1. Secondary Structure Analysis of Proteins
Common techniques for the determination of the secondary structure of proteins are x-
ray crystallography, nuclear magnetic resonance spectroscopy (NMR) or vibrational tech-
niques, such as circular dichroism and infrared (IR) spectroscopy.173 Because of its high
resolution, X-ray crystallography provides the most detailed structure, yet, not all proteins
can be crystallized and information about the hydrated structure is lost during crystal-
lization, as well. On the other hand, the interpretation of NMR spectra of large proteins
is not trivial. The IR analysis of the secondary structure has been established since the
1960s,174,175 and the use of reflection type measurements was developed accordingly.176–179
The amide groups of the protein backbone give rise to several characteristic absorp-
tion bands, where the amide I and amide II band are the most important ones. The
amide I band is found in the region between 1600 - 1700 cm−1 and associated with the
C=0-stretching vibration. The amide II band between 1510 - 1580 cm−1 is assigned to N-
H-bending and C-N-stretching vibrations.
The amide I band is sensitive to small variations in molecular geometry and hydrogen
bonding patterns and can therefore be used to determine the structural constitution of
the protein. Since the contributions of the different structural components strongly over-
lap, numerical methods have to be used to resolve the individual vibrational bands. The
Amide I band components could been assigned to specific spectral regions by complemen-
tary structure analysis with other techniques: for instance, the β-sheet mainly absorbs at
1624 - 1642 cm−1, while to the α-helix a contribution at 1656 cm−1 is assigned.180–182
Instrumentation In this thesis, ATR-FTIR spectra were recorded with a IFS55 spec-
trometer (Bruker Optics GmbH, Leipzig, Germany) on silicon ATR crystals, using the
“single-beam-sample-reference”-method (SBSR, OPTISPEC, Zu¨rich, Switzerland).183 For
this method, after spin-coating of the brush-polymer, half of the sample surface is wiped
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clean with the appropriate solvent, in order to create a reference area on the same crystal.
Spectra of the reference area and the sample area are recorded alternately, by movement
of the vertical position of the ATR crystal in the IR-beam. By calculating the ratio of the
recorded intensities, undesired background adsorption, due to the substrate material or the
solvent, can be compensated accurately. For insitu-measurements, a special cell-design,
appropriate for the SBSR-method was used.183,184
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6.4. Atomic Force Microscopy
The constitution of the surface of a sample can be characterized using an atomic force
microscope (AFM).185 In this technique, the sample is scanned with a tip, which is fixed
to a cantilever spring, while the position and the motion of the tip is controlled by piezo
elements. The reflection of a laser beam off the backside of the cantilever, detected via
photo diodes, is used to determine the deflection of the cantilever. The AFM can be
operated in air, in vacuum or in fluids, without the need of special treatment of the
surface.
The resolution of the AFM mainly depends on the shape of the tip. The radius of
common tips made from silicon nitrite is about 10 nm. Therefore, structures of the same
scale appear in a distorted size or cannot be resolved. Another issue is the angle of the
walls of the tip, which is commonly 17◦, leading to an even larger distortion.
The topography of a surface is determined by the force between tip and sample, detected
as the deflection of the cantilever. Plotting of the deflection versus the position on the
sample gives a topographic image (“height image”) of the surface.
There are several modes of operation:
Contact Mode In the contact mode, the tip is in direct contact with the surface of the
sample. Via a feedback loop, the sample or the scanner is moved vertically to maintain a
constant deflection of the cantilever. The advantage of this method is the comparatively
high scan rate. On the other hand, soft samples, for instance polymers, can be damaged
by the direct contact.
Tapping Mode In this mode, the cantilever is vibrated in the vicinity of its resonance
frequency and scanned over the sample with an amplitude of typically 20 - 100 nm. Via the
feedback loop, a constant amplitude is maintained by vertical adjustment of the scanner or
the sample. This ensures constant interaction between tip and sample. Using this mode,
a higher lateral resolution is obtained and the risk to damage the sample is reduced,
although the scan rate is slightly lower than in the contact mode.
Besides the topographical information also other data can be evaluated. In tapping
mode, a phase image can be recorded in parallel to the height image. In order to do
this, the phase shift of the oscillation of the cantilever relative to the signal imposed on
the piezo element is detected. This way, for instance information about changes in the
chemical nature, adhesion, friction or viscoelasticity, can be obtained.186
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Non-Contact Mode In the non-contact mode, the cantilever is vibrated above its reso-
nance frequency with an amplitude <10 nm and scanned over the sample without direct
contact. Since no force is exerted on the sample, this mode is suitable for sensitive samples,
although only small lateral resolution and low scan rates are possible.
Peak Force Tapping In this recently developed mode, the cantilever is vibrated well
below its resonance frequency. The z-position is modulated by a sine wave, contrary to
the otherwise used triangular modulation. The individual peak force points are used as
feedback triggers to force the z-piezo to retract. This mode allows the recording of force
curves, with information about the adhesion and the elastic modulus, with high resolution
and at high scan rates in parallel to topographic images.
Evaluation of Roughness The roughness of a surface is calculated as the root mean
square roughness (RMS) Rq. This is the standard deviation of the Z-values of the average
value of a given surface:
Rq =
√∑N
i=1(Zi − Zave)2
N
(6.17)
Where Zave is the average value of Z, Zi the current Z-value and N is the number of
points measured.
Instrumentation AFM studies were performed with a Dimension 3100 (Digital instru-
ments, Inc., Santa Barbara, USA) microscope. Tapping mode was used to map the film
morphology at ambient conditions. Insitu-measurements were done in contact mode in
a droplet of water on the sample. Additionally, a Dimension Icon microscope (Bruker
Corporation, Karlsruhe, Germany) was utilized in the peak force tapping mode. A first
order flattening, followed by a first order plane fit was applied to the images, using
NanoScope Analysis Software, Version 1.40 (Bruker Corporation, Karlsruhe, Germany).
Multi75 (Budget Sensors, Bulgaria) tips with a resonance frequency of 75 kHz, a spring
constant of 3 N m−1 and a tip radius of <10 nm were used.
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6.5. Electron Microscopy
The resolution of optical microscopes is limited by the Rayleigh-criterion, according to
which two objects can no longer be distinguished, as soon as their separation is smaller
than the wavelength of the used electromagnetic radiation. In electron microscopy, electron
beams are used, with a considerably smaller wavelength than visible light (with 100keV
the wavelength is 0.0037 nm).187 High resolution electron microscopes currently reach a
resolution as high as 0.05 nm.188 Here, the limiting factor is the aberration of the electric
components.
Electron beams interact with the electrons in the sample via inelastic or elastic scat-
tering, by which secondary electrons or electromagnetic waves are produced. Primary
(scattered) electrons, secondary electrons or the produced electromagnetic waves that
leave the sample surface can be detected by suitable detectors.189
The main components of an electron microscope are the electron source, the electron
lenses (magnetic fields), specimen holder and detectors. The measurements have to be
done in vacuum. Since non-conducting samples lead to electrostatic charging, and with
this to interfering signals, those samples have to be sputtered with a thin metallic layer
to improve the quality of the images.
6.5.1. Scanning Electron Microscopy
In a scanning electron microscope (SEM), an electron beam is scanned over the surface.
Due to interaction with atoms in the sample, secondary electrons and back scattered
electrons are formed, which are recorded with the respective detectors.
Secondary electrons are formed by inelastic scattering of the primary electrons on the
electron shells of the atoms in the sample. The detected secondary electrons originate in
the first few nanometers of the sample and represent the topography of the sample.
Back scattered electrons are created by elastic reflection of the primary electrons. They
create a contrast between different materials, since the heavier elements lead to stronger
reflection than the lighter ones.
The additionally created x-rays can be detected as well, and used for chemical analysis
of the surface (energy dispersive X-ray spectroscopy, EDX).
Instrumentation For the SEM studies of chapter 9, a Neon 40EsB microscope (Carl
Zeiss Microscopy GmbH, Jena, Germany) was applied, using an InLens detector for high
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resolution imaging at low voltage (3 kV). In chapter 11, a Hitachi S4700 field-emission
scanning electron microscope (Hitachi High Technologies America, Inc., USA) was used
to image brush preparation on STF.
6.5.2. Transmission Electron Microscopy
The transmission electron microscope (TEM) detects electrons transmitted through a
sample, which has to be a few nanometers thin, depending on the material. For instance,
colloidal solutions of nanoparticles are put on a copper grid, which is coated with a thin
carbon layer. One possibility to prepare bulk samples for TEM imaging is a cut with FIB
(Focused Ion Beam): A thin lamella is cut from the sample with a gallium-ion beam, and
further thinned until the desired thickness (100-200 nm) is reached.190,191 A possibility to
prepare samples for lateral imaging of coatings as prepared, is the use of “TEMwindows”,
meaning silicon substrates of the size of TEM grids with etched silica windows of 20-50 nm
thickness.
In TEM, contrast between different species on the sample is produced either by regions
with different thickness or electron density or, if a crystalline species is present, by a
difference in diffraction. Positioning of the aperture or tilting of the primary electron
beam, changes the contrast by allowing electrons with more or less sample interaction to
reach the detector (bright field - or dark field - imaging).
Instrumentation In this work, a Libra 200 microscope (Carl Zeiss Microscopy GmbH,
Jena, Germany) was used, exploiting TEMwindows with a 20 nm silicon oxide layer
(TEMwindows.com, USA) as substrates. Particle analysis of TEM images was done with
the Scandium Software (Olympus Soft Imaging Solutions GmbH, Mu¨nster, Germany).
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6.6. UVvis Spectroscopy
Ultraviolet-visible (UVvis) spectroscopy is the absorbance or reflectance spectroscopy in
the visible (400 - 800 nm) and ultraviolet (200 - 400 nm) range.192 Electromagnetic waves
in this range are able to induce electronic transitions in molecules. Valence electrons are
excited from their ground state to a high energy state. The molecules absorb the energy
needed for this transition, thereby weakening the intensity of the incident beam of light.
The excitation energies of σ- or n-electrons are mostly found in the vacuum ultraviolet
region below 200 nm and thus are not accessible with normal UVvis spectroscopy. For
the spectroscopy of organic molecules, mostly n → pi∗ and pi → pi∗ transitions are in-
vestigated. For these transitions, unsaturated functional groups are necessary, so-called
“chromophores”. Especially pi → pi∗ transitions result in intensive characteristic absorp-
tion signals. The absorption energy can be shifted due to changes in the chemical environ-
ment, for instance conjugation of several chromophores or by interaction with the solvent.
In inorganic species, transitions of d or f electrons are detected in the UVvis spectral
range. In complex compounds, additional “charge-transfer-absorption” can be observed,
where the excited state is the result of an internal reduction-oxidation reaction between
an electron-donor and an electron-acceptor in the complex.
The Lambert-Beer’s law relates the absorbance of a solution to the concentration of the
absorbing species:
A = log
I
I0
= εcl (6.18)
Where A: absorbance, I: intensity of the light after the sample, I0: intensity of the
incident beam of light, ε: extinction coefficient, c: concentration of the absorbing species
in the solution, l: path length of the light through the sample.
Absorbance measurements are done in a spectrophotometer consisting of light source,
monochromator, sample cuvette or holder and detector. There are two different setups:
single-beam and double beam spectrophotometers. In a single beam spectrophotometer
the reference spectrum of the pure solvent has to be recorded separate from the actual
measurement of the sample, while in the double beam variant the light is split into two
beams in order to record the reference spectrum parallel to the sample spectrum. Refer-
ences measurements are necessary to eliminate contributions of the solvent or the cuvette
and instrument specific contributions to the absorption spectrum.
Instrumentation In this work, UVvis spectra were recorded with a single-beam Specord40
spectrophotometer (Analytik Jena, Jena, Germany) using PMMA cuvettes (PLASTI-
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BRAND, Sigma-Aldrich, Germany).
6.7. Grazing Incidence Small-Angle X-ray Scattering
Grazing Incidence Small-Angle X-ray Scattering (GISAXS) is a surface sensitive analy-
sis technique, which uses the phenomenon of total external reflection of x-rays to probe
electron density correlations on the micro- and nanoscale and to analyze the shape and
distribution of objects on a surface or buried in a thin film.193,194 GISAXS was introduced
by Levine et. al. in 1989,195 and since than has been established for the real-time insitu
investigation of nanostructured materials made from various classes of materials, such as
ceramics, metals, semiconductors, polymers, and biopolymers. Usually, measurements are
performed using synchrotron radiation to benefit from the high flux and collimation. With
GISAXS averaged statistical information of a large surface area can be obtained, since a
common beam size is in the range of square centimeters. Because of the use of x-rays,
GISAXS can be operated under any kind of ambient conditions from ultra-high vacuum
to measurements in liquid.
The coordinate system for describing the GISAXS experiment is defined as follows: the
z-axis is oriented perpendicular to the sample surface and the (x,y)-plane is given by the
sample surface with the x-axis being oriented in the direction of the incident x-ray beam.
The components of the scattering vector q are given by:
qx =
2pi
λ
[cosψ cosαf − cosαi] (6.19)
qy =
2pi
λ
[sinψ cosαf ] (6.20)
qz =
2pi
λ
[sinαi − sinαf ] (6.21)
where αi and αf denote the incident and exit angles of the x-ray beam. The scatter-
ing plane is the (x,z)-plane and defined by the incident and exit angles. Scattering out
of this plane is probed under an out-of-plane angle ψ. In order to perform a GISAXS
measurement, the surface is illuminated by a monochromatic x-ray beam under the in-
cident angle αi in the range of a few tenth of degrees. The choice of angle depends on
the critical angles of the substrate and the thin film. The x-ray beam is scattered by
the roughness of the surface, or variations in the electronic contrast on the surface or
inside the surface layer. An area detector records the intensity over a range of exit angles
αf and out-of-plane angles ψ. The direct beam and the reflected beam (specular beam)
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have to be blocked by a beam-stopper, to prevent damage or saturation of the detector.
The scattered intensity in the scattering plane (specular scattering) contains information
about the ordering normal to the surface, while the distribution of intensity parallel to
the surface is caused by lateral ordering (out-of-plane scattering). A perfectly smooth,
featureless film will only produce specular scattering, while any type of surface roughness,
scattering entity or lateral contrast variation shows as off-specular scattering.
The scattering intensity can be described in terms of the form factor F and the total
interference function S. S describes the spatial arrangement of objects on the surface,
while F contains information about the size, shape and uniformity of the structures on
the surface. Uncorrelated roughness can cause reflection-refraction effects at the surface,
where either the incident beam or the final beam are reflected. This has to be taken into
account in the calculation of F , using the “Distorted Wave Born Approximation”.193,196,197
Instrumentation Measurements discussed in this thesis, were performed at the beamline
BW4 of the DORIS III storage ring at DESY in Hamburg, Germany, with an x-ray wave-
length of 0.138 nm. For all experiments the angle of incidence of the x-ray beam onto the
sample surface was fixed to 0.5◦. A sample-detector distance of 2116 mm was chosen and
a two dimensional (2D) detector MarCCD from Mar Research (2048×2048 pixel) was uti-
lized. These chosen settings allow covering a qy-range from 0.001 to 2 nm
−1. The counting
time for each GISAXS measurement amounted to 40 min. The specular peak was blocked
by a point-shaped beamstop. A quantitative analysis of the out-of-plane line cuts of the
2D GISAXS data is provided in the frame of the distorted wave Born approximation using
the local monodisperse approximation (LMA) and a model of cylindrical objects having a
Gaussian size distribution arranged on a one-dimensional paracrystal.198
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6.8. X-Ray Photoelectron Spectroscopy
X-Ray Photoelectron Spectroscopy (XPS) is a method to characterize the elemental com-
position of the surface of a sample via the interaction of atoms on the surface with X-
rays.170,192 Oxidation and bonding states of an element and information about the elec-
tronic structure of a molecule can be obtained.
If x-rays with an energy hν interact with an atom or molecule, an electron from one of
the inner shells can be ejected from the sample and escape into the vacuum. The kinetic
energy (Ekin) of these electrons is measured with a spectrometer and the element specific
binding energy (Eb) is calculated:
Eb = hν − Ekin − w (6.22)
Where w is the energy needed to transfer the electron from the Fermi level EF to the
vacuum level Evac.
A photoelectron spectrometer consists of several basic units: the light source provides
x-rays of a white spectrum (“Bremsstrahlung”). For XPS the additional intensive peaks of
the Kα radiation of magnesium (hν=1253.6±0.35 eV) or aluminium (hν=1486.6±0.45 eV)
are exploited, combined with a monochromator for higher energetic resolution. The kinetic
energy of the photoelectrons ejected from the sample upon interaction with the x-rays, is
determined by a hemispherical analyser, where the electrons are forced on a circular path
by application of an electric field. Only electrons with the appropriate kinetic energy reach
the detector. A slit plate with an adjustable electric potential adjusts the kinetic energy of
the photoelectrons in a controlled manner and the voltage applied to the slit plate is used
to determine the kinetic energy of the electrons ejected from the sample. The detector
counts these electrons over a defined time interval applying a series of electron multipliers.
The vacuum system prevents the interaction between gas molecules and electrons, which
would change their kinetic energy. The pressure in the analysis chamber has to be better
than 10−8 mbar.
For good quality imaging the vacuum stability of the sample has to be ensured and
electrostatic charging has to be eliminated by charge compensation.
The information depth of XPS is usually in the order of 10 nm, where the probability of
interaction of the produced photoelectrons with molecules in the surface layer is minimal.
The elemental composition of the surface can be determined by characteristic elemental
peaks at specific binding energy positions of the atomic orbitals. Quantitative information
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can be gained by integration of the peak after substraction of the background spectrum.
The formation of chemical bonds influences the electron density of the involved atoms,
resulting in broadening of the elemental peaks. The oxidation and binding states can be
analyzed by mathematical deconvolution of the peak in several component peaks.
Instrumentation In this work, X-ray Photoelectron Spectroscopy (XPS) studies were
carried out by means of an AXIS ULTRA photoelectron spectrometer (KRATOS ANA-
LYTICAL, Manchester, England). The spectrometer was equipped with a monochromatic
Al-Kα-X-ray source of 300 W at 15 kV. The kinetic energy of photoelectrons was deter-
mined with a hemispheric analyzer set to pass energy of 160 eV for wide-scan spectra
and 20 eV for high-resolution spectra, respectively. In order to avoid electrostatic charg-
ing during measurements, all samples were irradiated by a low-energy electron source
working in combination with a magnetic immersion lens. Later, all recorded peaks were
shifted by the same value that was necessary to set the component peak of the saturated
hydrocarbons of the P2VP backbone of the C 1s spectrum to 285.00 eV.199 Quantitative
elemental compositions were determined from peak areas using experimentally determined
sensitivity factors and the spectrometer transmission function. Spectrum background was
subtracted according to Shirley.200 The high-resolution spectra were dissected by means
of the spectra deconvolution software. Free parameters of component peaks were their
binding energy, height, full width at half maximum and the Gaussian-Lorentzian ratio.
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7. Polymer Brush Preparation
Figure 7.1.: Schematic of the “grafting to” preparation method utilized in this work; (a)
grafting of a macromolecular anchoring layer (PGMA) on a silica surface,
(b) grafting of the brush layer via reaction of carboxyl groups of the brush
polymer with epoxy groups in the anchoring layer
Polymer Brushes were prepared on silica surfaces via an already optimized grafting to
method.51 In brief, the silica surface is first cleaned and activated by oxygen plasma
or an etching solution of hydrogen peroxide and ammonium hydroxide, followed by rins-
ing with purified water. In the next step (step (a) in Figure 7.1) an anchoring layer of
poly (glycidyl methacrylate)(PGMA) is grafted to the surface by spin-coating of a polymer
solution and subsequent annealing. Several epoxy groups of PGMA react with the silanol
groups on the surface. The process is traced by ellipsometry in dry state. The layers of
silica and PGMA were found to be 1.5±0.1 nm and 2.3±0.3 nm in thickness, respectively.
In the next step, carboxy (end-)functionalized polymer chains are reacted to remaining
epoxy groups in the loop and tail sections of PGMA, forming stable ester bonds, again by
spin-coating and annealing above the glass temperature of the polymer. Non-covalently
bound polymer is extracted by a suitable solvent.
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7.1. End-grafted P2VP and PNIPAAm brushes
End-grafted P2VP and PNIPAAm brushes were prepared using carboxy-end-functionalized
polymers. Table 7.1 lists the used polymers and brush parameters of the polymer coatings
fabricated for this work. The grafting density was calculated as:5
σ =
NAhρ
Mn
(7.1)
and the corresponding distance between grafting points and the grafted amount is calcu-
lated as
d = 1/
√
σ (7.2)
A = hρ (7.3)
Where NA is Avogadro’s number, h is the dry thickness of the polymer brush layer, ρ is the
bulk density of the polymer, Mn is the number-average of the molecular weight of the used
polymer and A is the grafted amount. The bulk densities of the polymers ρPNIPAAm =
1.097 g cm−3,201 ρP2V P = 1.114 g cm−3,PDH99 were taken from the literature.
Polymer Mn PDI h σ d A RG[
g mol−1
]
Mw/Mn [nm]
[
nm−2
]
[nm]
[
mg m−2
]
[nm]
P2VP 40 600 1.08 7.0± 0.5 0.12± 0.01 2.9± 0.1 7.8± 0.6 5202
PNIPAAm56k 56 000 1.4 11± 0.5 0.13± 0.01 2.8± 0.1 12.1± 0.5 12a
PNIPAAm48,9k 48 900 1.28 12± 0.5 0.16± 0.01 2.5± 0.1 13.2± 0.5 11a
7.0± 0.5 0.09± 0.01 3.3± 0.2 7.7± 0.5 11a
a calculated using equation 7.4
Table 7.1.: Properties of used polymers and parameters of P2VP and PNIPAAm
brushes
For PNIPAAm brushes two different polymers with slightly different molecular weight
were used in this thesis, since PNIPAAm56k was no longer available from the company
in the later stage of the work. Using PNIPAAm48,9k, brushes with two different grafting
densities were fabricated, by variation of the annealing time.
To estimate, whether the grafted polymers are in the brush regime, the grafting density
or the distance between grafting points has to be compared to the characteristic size of
the polymer chain of the same chain length in solution. Tabulated values give the radius
of gyration for a P2VP chain of the used length as RG ∼ 5 nm202 in a near-theta solvent.
Therefore the grafting density and grafting distance of the prepared P2VP layers indicate
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the formation of a true brush conformation, with a reduced grafting density of Σ ∼ 11.5,42
For PNIPAAm of the used length, no literature values were available, therefore the radius
of gyration has to be estimated from the degree of polymerization N . The Flory radius
RF of a polymer with the monomer size a ∼ 0.3nm, in a good solvent, is:203
RF = aN
3/5 (7.4)
In principle, this equation is only valid for neutral polymers with no specific interactions
with the solvent or in between the monomer segments. For PNIPAAm a deviation from
this ideal behavior is expected, due to the formation of hydrogen bonds. Nevertheless, this
estimation is frequently used for PNIPAAm.28,33,204,205 Here, if d << 2RF , the grafted
polymer is assumed to be in the brush regime.203 Applying this criterion, all fabricated
PNIPAAm layers, also at lower grafting density, can be regarded as true brush layers.
Figure 7.2.: AFM height images of a) P2VP brushes and b) PNIPAAm48,9k (σ = 0.16±
0.01 nm−2) brushes on silicon wafers
AFM was used to investigate the roughness and lateral homogeneity of the polymer
brush layers. Figure 7.2 shows AFM height images of representative examples of P2VP
(Figure 7.2a) and PNIPAAm48,9k (Figure 7.2b) brushes on silicon wafers. Both polymer
brushes exhibit a very low mean square roughness of 0.3 nm (P2VP) and 0.2 nm (PNI-
PAAm).
For QCM-D measurements, polymer brushes were prepared on silica coated quartz
sensors. Figure 7.3 shows a quartz sensor before and after coating with a P2VP brush.
Compared to silicon wafers with a native oxide layer, the silica coated quartz sensors,
where the silica layer is produced via electron beam evaporation, show an elevated mean
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Figure 7.3.: AFM height images of a silica coated quartz sensor before (a) and after coating
with P2VP brushes (b)
square roughness of 1.0 nm (Silicon Wafers: < 0.1 nm). Nevertheless, the quartz sensors
can be coated with polymer brushes in a homogeneous manner, showing a mean square
roughness of 0.7 nm.
7.2. PAA Guiselin Brushes
Polymer Mn PDI h σ[
g mol−1
]
Mw/Mn [nm]
[
nm−2
]
PAA 26 500 1.7 5± 0.5 0.3± 0.15
Table 7.2.: Properties of used polymers and the parameters of PAA Guiselin brushes
The PAA guiselin brushes used in this thesis were prepared by a method established by
E. Bittrich.63 In this procedure, PAA chains are grafted to a PGMA anchoring layer by
annealing at a temperature well below the glass temperature of PAA (TG = 105
◦ C).
Table 7.2 lists the properties of the used polymer and the calculated brush parameters.
Comparing the swollen brush thickness with scaling arguments, the grafting density and
the number of grafting points can be coarsely estimated via the degree of dissociation
and the average number of free monomer segments.63 About one to three grafting points
per chain were calculated, leading to a nominal grafting density of 0.3 ± 0.15 nm−2. The
grafting density was calculated using the bulk density of PAA ρPAA = 1.22 g cm
−3.206
AFM measurements (Figure 7.4) prove the homogeneous grafting of PAA chains to the
surface, with a mean square roughness of 0.2 nm.
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Figure 7.4.: AFM height image of PAA brushes on silicon wafers
7.3. Binary PNIPAAm-P2VP brushes
In this work, PNIPAAm-P2VP binary brushes were synthesized using P2VP of two differ-
ent molecular weights. In the first step, P2VP was grafted to the anchoring layer in a lower
grafting density as compared to the mono brushes, using a low concentrated spin-coating
solution. In the second step, PNIPAAm was grafted applying the same procedure as for
the mono brushes. Table 7.3 lists parameters for the obtained binary brushes. The ratio of
the brush components was determined from the ratio of the grafted amounts, calculated
from the dry layer thickness (Γ = ρh).
hP2V P σP2V P hBinary P2VP:PNIPAAm
[nm]
[
nm−2
]
[nm]
P2VP10k-PNIPAAm56k 2.5±0.5 0.17±0.03 8.5±0.5 30:70
P2VP40,6k-PNIPAAm56k 4.5±0.5 0.08±0.01 11.0±0.5 40:60
Table 7.3.: Parameters of binary polymer brushes prepared for this thesis
Figure 7.5.: AFM height images of binary PNIPAAm-P2VP brushes on silicon wafers; (a)
P2VP10k-PNIPAAm56k, (b) P2VP40,6k-PNIPAAm56k
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The roughness and lateral homogeneity of the binary brushes were investigated with
AFM measurements. Figure 7.5 shows height images of P2VP10k-PNIPAAm56k (Fig-
ure 7.5a) and P2VP40,6k-PNIPAAm56k (Figure 7.5b) binary brushes. Compared to the
mono brushes, the roughness is slightly increased (RMSP2V P10k−PNIPAAm56k=0.4 nm,
RMSP2V P40,6k−PNIPAAm56k=0.5 nm), whereas no lateral phase separation is observed un-
der ambient conditions after rinsing with ethanol.
7.4. Experimental Details
Polymer brushes were grafted on highly polished single-crystal silicon wafers of {100} ori-
entation with ca. 1.5 nm thick native silicon oxide layers (Silicon Materials, Inc., USA)
or silica coated quartz crystals with a ca. 50 nm thick silicon oxide layer (QSX 303, Q-
Sense, Fro¨lunda, Sweden). Samples were cleaned with ethanol abs. (VWR, Germany) and
dried with N2 gas. Then, samples were activated by oxygen plasma for 1 min at 100 W
(SPI Plasma Prep II plasma cleaner, Structure Probe, Inc., West Chester, PA, USA) or by
treatment for 30 min in a 1:1:5 mixture of 30% hydrogen peroxide (Merck, Germany), 29%
ammonium hydroxide (Acros, Germany) and water at 75 ◦C and subsequent rinsing with
water. Millipore water purified with Purelab Plus R© ultrapure, was employed through-
out experiments. A macromolecular anchoring layer was spin-coated onto the surface
from a 0.02 wt.-% solution of poly-(glycidyl methacrylate) (PGMA, Mn=17 500 g mol
−1,
Mw/Mn=1.12, Polymer Source, Inc., Canada) in chloroform (Sigma-Aldrich, Germany)
and annealed in vacuum for 20 min at 100 ◦C to chemically bind the polymer to the ac-
tivated SiO2 surface. On this layer the polymer brush layer was grafted in the next step
by spin-coating of a polymer solution, followed by annealing in vacuum and extraction of
non-covalently bound polymer in ethanol. The different parameters applied for this step
can be found in table 7.4 for the mono brushes. The process was followed by ellipsometry
in dry state. Silicon substrates were modeled with literature values for Si and SiO2.
207
Measurements of the blank silica coated quartz sensors were parameterized by basis-spline
(B-spline) functions and considered “virtual substrates” for further modeling.208 The
modification with polymer layers in dry state was modeled with a fixed refractive index
(nPGMA=1.525, nP2V P=1.595, nPAA=1.522, nPNIPAAm=1.457, determined by measure-
ments of a thick polymer layer) in an optical box model.
PAA, carboxy-terminated P2VP and carboxy-terminated PNIPAAm56k were purchased
from Polymer Source, Inc., Canada. Carboxy-terminated PNIPAAm48,9k was synthe-
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Polymer Mn PDI spin coating annealing[
gmol−1
]
Mw/Mn c [wt−%] solvent T [◦C] t [h]
P2VP 40 600 1.08 1 chloroform 150 3
PNIPAAm 56 000 1.4 1 chloroform 150 16
48 900 1.3 0.8 chloroform 150 16
0.8 chloroform 150 4
PAA 26 500 1.7 1 ethanol 80 0.5
Table 7.4.: Parameters for brush preparation
sized at the IPF by S. Rauch by controlled radical polymerization (atom transfer radical
polymerization, ATRP).
Binary polymer brushes were prepared similarly, by grafting of P2VP in a low grafting
density in the first step. This was done by spin-coating from a dilute solution of P2VP in
chloroform (0.025 wt-%) and annealing at the same conditions as for the mono brushes.
Non-covalently bound polymer was extracted by ethanol, then PNIPAAm was spin-coated
and annealed with the same parameters as for the mono brushes. Non-covalently bound
polymer chains were again extracted by ethanol.
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8. Responsive Swelling of Polymer Brushes
8.1. pH-dependent swelling of polyelectrolytes
8.1.1. P2VP and PAA brushes
Polyelectrolyte brushes, as pH- and salt-responsive coatings, have received wide-spread
interest in the recent years.15,16,19,21 Their applications range from sensor systems17,18,31
and catalysis31 to biological applications.7,22,138 Two common examples for these systems
are the weak polybase P2VP,17–19 and the weak polyacid PAA.20–22
We used a combined setup of QCM-D and SE to investigate the pH responsive swelling of
P2VP brushes and PAA guiselin brushes at a constant ion concentration of c(Na+)=0.01 M.
To model changes in areal mass and viscoelasticity of QCM-D data, a Voigt-Voinova ap-
proach was used, since the dissipation parameter is sufficiently large and the polymer
brush layer may be considered laterally homogeneous.159,162 All data was referenced to
the state of the lowest dissipation value, since negative dissipation values are physically
meaningless in this context and the viscoelastic modeling is not possible, accordingly. SE
data was modeled by a two component EMA for the brush layer, which gives access to
thickness, refractive index and the volume fractions of ambient and polymer in the brush
layer swollen in buffer solution. The samples were rinsed alternately with sodium ac-
etate solution at pH 3.7 and pH 7.3, and the system was allowed to equilibrate for several
minutes, before the pH was changed again.
Figure 8.1 displays best-match model data for the change in areal mass in P2VP and
PAA brushes upon change of pH.
At pH 3.7, P2VP is in a charged state and the polymer brush is swollen with counter
ions and water molecules to a thickness of ∼16 nm, leading to an areal mass of buffer
content of ∼7 mg/m2. Increase of the pH leads to dissociation of the pyridinium cations
and the polymer chains become neutral. Thus the polymer chains get hydrophobic and
expel water and counter ions from the deswelling brush layer. A huge difference in the
detected mass can be seen by comparing the two techniques: At pH 3.7 about four times
more mass is detected by QCM-D than by SE. This can be discussed both as the thin
outer region of the brush, not detected by SE because of the low contrast to the ambient,
and additional water molecules, which are coupled to the vibration of the quartz sensor.
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Figure 8.1.: Change in areal mass of the pH dependent swelling of P2VP and PAA brushes
modeled from QCM-D and SE data
At pH 7.3 this difference decreases to zero. Since QCM-D data was evaluated in reference
to this state, no statement can be made about the actual areal mass, which should consist
of the deswollen polymer layer plus acoustically coupled water and ions, at this point. The
SE modeling on the other hand, suggests complete dehydration of the brush layer, where
the polymer brush is deswollen to almost its dry thickness of ∼9 nm.
A different situation can be found for PAA: while both investigated pH values are above
the IEP of PAA at pH 2.1, the polymer chains are increasingly charged with increasing
pH. At pH 7.3 the polymer chains are in a highly stretched state, swollen with counter
ions and water molecules to a thickness of ∼40 nm. Lowering the pH leads to protonation
of the carboxyl groups on the polymer chains, which is detected as a loss in areal mass
and a decrease in thickness to ∼28 nm.
The difference between the two techniques, if one compares the increase in areal mass
upon swelling (∆Γ = |ΓpH7.3 − ΓpH3.7|), is about the same for P2VP and for PAA. For
both polymers the QCM-D detects about ∼ 30 mg/m2 more incorporation of counter ions
and water upon swelling than SE. This is interesting, since with the swelling degree of
PAA being higher, the segment density profile of these brushes is expected to appear in a
more parabolic shape, which should actually lead to a higher difference between QCM-D
and SE, than for the less swollen P2VP. An additional effect of a difference in the electrical
double layer might partly compensate the differences in the brush profile.
In Figure 8.2 the change in viscosity at different pH values is plotted for both polymers.
As expected, the viscosity is higher for the swollen state of each polymer, since the extended
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Figure 8.2.: Change in viscosity of the pH dependent swelling of P2VP and PAA brushes
modeled from QCM-D data
polymer chains dissipate more vibrational energy than the rigid, deswollen brush layer.
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8.2. Temperature dependent swelling of PNIPAAm
PNIPAAm probably is the most prominent example for polymers exhibiting LCST behav-
ior and has been studied extensively.26–28,74 One reason for this is that its phase transition
temperature Tc in water lies in the vicinity of the human body temperature, rendering
it interesting for biological applications.35,79,80 For these applications the effect of salt
on the phase transition, as it was found for PNIPAAm chains in solution,74,93,209 is of
importance (see also section 2.6).
Few reports have dealt with this behavior in grafted PNIPAAm chains.210–212 Jhon
et al. investigated the influence of NaCl on grafting-from PNIPAAm brushes with unknown
grafting density by QCM-D. They found a nonlinear dependence of the shift of Tc to lower
temperatures, with a lower rate of decline at increased concentrations of NaCl. This is
unlike the behavior found for PNIPAAm in solution, where the addition of NaCl lowers
the transition temperature in a linear manner. For a 1M solution of NaCl a shift of
∼7 ◦C to lower temperatures was detected.210 Ishida et al. investigated the response of
PNIPAAm brushes with very low grafting density (∼0.008 chains nm−2) to the addition
of Na2SO4 using insitu-AFM and QCM-D. They found a very unusual peak-like change
in frequency and dissipation with increasing salt content, which they attributed to the
drastic structural changes occurring in the polymer layer.211 However, neither of these
reports uses viscoelastic modeling to further elucidate the detected changes in QCM-D
data.
We used combinatorial QCM-D/SE to investigate the phase transition, and its shift with
NaCl content, of grafting-to PNIPAAm brushes with two intermediate grafting densities
(0.09nm−2 and 0.16nm−2). Similar to experiments with P2VP and PAA, a Voigt-Voinova
approach was used to model changes in areal mass and viscoelasticity of QCM-D data.
SE data was modeled by a two component EMA approach for the brush layer.
The measurements were recorded in quasi-static state, allowing the sample to equilibrate
for 30 min at each temperature step, before the temperature was raised or cooled further.
To display only the temperature dependent effect of the polymer coating, the temperature
change in frequency and dissipation of a bare QCM-D sensor was subtracted from the
QCM-D data. For subsequent modeling the data was referenced with respect to the value
of the least dissipation, thereby also eliminating the influence of changes in bulk density
and viscosity upon addition of salt.
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8.2.1. PNIPAAm brushes
Figure 8.3 displays best match model data from SE data. Contrary to the sharp transition
of polymers in solution, which occurs in between 1-2 ◦C, the grafted PNIPAAm chains
exhibit a broader transition, with a first slight deswelling between 20 ◦C and 30 ◦C, followed
by a pronounced collapse between 30 ◦C and 35 ◦C. For similar results in the literature,
this was explained by interchain and intrachain interactions in the confined geometry of
the brush layer.49,82,83 Above 35 ◦C where the polymer is collapsed to almost its dry
thickness, no major changes in thickness or refractive index can be observed.
Figure 8.3.: Temperature dependent swelling of PNIPAAm brushes with two different
grafting densities; (a) thickness, (b) refractive index; the arrows indicate the
direction of the heating-cooling cycle
Upon decreasing the temperature, the brush layer is found to swell again in a similar
manner, although with a slight delay. This thermal hysteresis was attributed to inter- and
intramolecular hydrogen bonds between PNIPAAm chain segments.75,77,78
Comparing the two grafting densities, a lower swelling ratio is observed for the brush
layer with the lower grafting density, and a slight shift of Tc by about one degree to lower
temperatures is detected, as reported in the literature.28,81 Above Tc, complete dehydra-
tion is suggested by the optical modeling for the brush with lower grafting density, leading
to a bigger change in refractive index, contrary to previous reports in the literature.28
This is probably owed to the different polymer system used here.
As predicted, QCM measurements implicate a higher swelling ratio for the polymer
brush layers, which can be discussed both as an effect of dangling polymer chains and
additional water molecules, which are coupled to the vibration of the quartz sensor. Fig-
ure 8.4 shows the buffer content ΓQCM modeled from QCM data by a Voigt-Voinova Ap-
proach and the difference in buffer content derived from the two techniques ∆ΓQCM−SE =
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Figure 8.4.: Best match model data from temperature dependent QCM/SE measurements:
(a) Buffer content ΓQCM as modeled from QCM data, (b) difference in buffer
content as derived from QCM and SE measurements ∆Γ = ΓQCM − ΓSE of
PNIPAAm brushes with two different grafting densities
Figure 8.5.: Temperature dependent viscosity of PNIPAAm brushes with two different
grafting densities modeled from QCM data
ΓQCM −ΓSE . Since QCM data is measured relative to the deswollen state, the buffer con-
tent in that state is shown as zero. To calculate the difference, ΓSE was referenced to this
state as well.
While ΓQCM exhibits a similar trend in swelling behavior as modeled for SE data,
no deswelling is found for ∆ΓQCM−SE below 30 ◦C. Instead ∆ΓQCM−SE is essentially
constant, even showing a slight increase, in this region. At Tc, a sharp kink can be observed,
followed by a decrease to zero, which occurs in the same temperature range (30 ◦C - 35 ◦C)
as observed for the otherwise modeled data. This finding could be explained by the rarer
region in the outer part of the polymer brush, which is sensed by QCM but not by SE.
Molecular simulations predicted a parabolic shape of the chain segment density profile
for the swollen brush, which was confirmed by neutron reflectometry.81 As the chains
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collapse, the segment density profile becomes more step wise,49 and the contrast between
the outer edge of the brush and the ambient increases, therefore ∆ΓQCM−SE decreases.
A smaller difference between QCM and SE data is observed for the brush with the lower
grafting density. Here the chains are less swollen below Tc, which is also reflected in the
lower thickness and the higher refractive index. This leads to a more step wise profile
already at lower temperatures.
The viscoelasticity was found to decrease upon deswelling, as the polymer layer becomes
more rigid. Figure 8.5 displays the change in viscosity upon temperature. Similar to the
findings derived from SE modeled data, the brush layer with the lower grafting density
exhibits collapsing to a more rigid state above Tc.
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8.2.2. Effect of Salt on PNIPAAm brushes
Figure 8.6.: Exemplary raw data of QCM and SE measurements of the salt and tempera-
ture dependent swelling of PNIPAAm brushes; (a) ∆F of the seventh overtone,
(b) ∆D of the seventh overtone, (c) Ψ at λ=501 nm, (d) ∆ at λ=501 nm
The effect of the concentration of NaCl was investigated by measuring the temperature-
dependent swelling at four different salt concentrations (0 M, 0.1 M, 0.5 M and 1 M) for
the PNIPAAm brush with a grafting density of 0.2 nm−1. Figure 8.6 shows exemplary raw
data from QCM-D and SE measurements of one heating and cooling cycle. The transition
temperature was deducted from those curves as the maximum of the first derivative, by
averaging the slopes of two adjacent points (Table 8.1).
Tc,Heating (Tc,Cooling)[
◦C]
c(NaCl)[mol/l] ∆F ∆D Ψ ∆
0 33.8 (33.8) 33.8 (32.8) 33.8 (31.8) 33.8 (32.8)
0.1 31.8 (31.8) 31.8 (31.8) 31.8 (30.9) 31.8 (30.9)
0.5 26.8 (26.8) 25.9 (25.9) 25.9 (24.9) 25.9 (25.9)
1 20.9 (19.9) 19.9 (19.9) 19.9 (19.5) 19.9 (19.9)
Table 8.1.: Transition temperatures Tc determined from raw data of QCM and SE mea-
surements of the salt and temperature dependent swelling of PNIPAAm
brushes
The very prominent effect of the addition of salt to the solution is obvious: increasing
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the concentration of NaCl gradually shifts the phase transition to lower temperatures. At
c(NaCl)=1 M the transition is shifted by ∼13 degrees to 20 ◦C. This change is considerably
larger than the change reported for PNIPAAm in solution, where Tc was found to shift
from 31 ◦C to about 22 ◦C at c(NaCl)=1 M.93
The shape of the transition curve was found to remain unchanged upon addition of
NaCl and no broadening or sharpening was observed. This indicates that the addition of
NaCl does not alter the mechanism of the deswelling of the chains.
The plot of Tc as calculated from the heating curves is shown in Figure 8.7. As found
for PNIPAAm in solution, the transition is linearly shifted upon addition of NaCl.
Figure 8.7.: Plot of the shift of the calculated Tc of the heating curves with increasing
concentration of NaCl
Comparing the two techniques, a distinction can be seen in the hysteresis behavior:
While QCM data show almost no difference in between heating and cooling cycle, the
transition temperature derived from SE data varies by about one degree. This can be
attributed to the fact, that SE is more sensitive for the dense region of the brush layer,
while QCM is also sensitive for the outer region of the brush, where rehydration of the
PNIPAAm chains and breaking of intermolecular hydrogen bonds occurs more easily.
To further investigate the hysteresis behavior, the difference between heating and cooling
cycle at each temperature is plotted in Figure 8.8. The highest difference between heating
and cooling is found at Tc, as expected. Of greater interest is the observation that in
most cases the hysteresis decreases with increasing salt content. This is further evidence
for the increasing interaction with the ions, leading to less hydrogen bonds between the
PNIPAAm chains, which have to be broken for reswelling.
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Figure 8.8.: Difference between heating and cooling cycle in exemplary raw data of QCM
and SE measurements of the salt and temperature dependent swelling of PNI-
PAAm brushes; (a) ∆F of the seventh overtone, (b) ∆D of the seventh over-
tone, (c) Ψ at λ=501 nm, (d) ∆ at λ=501 nm
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Figure 8.9.: Effect of salt and temperature on the buffer amount in PNIPAAm brushes;
(a) buffer amount detected by SE, (b) difference in buffer amount detected by
QCM and SE
Figure 8.9 displays best match model data of the salt dependent measurements for the
buffer amount ∆ΓSE , as well as ∆ΓQCM−SE . The shift seen in the raw data upon addition
of NaCl is mirrored in the amount of buffer in the layer. As in the raw data, the actual
shape of the temperature dependent swelling is not changed by the presence of the ions.
Interestingly, ∆ΓQCM−SE of the swollen state decreases slightly with increasing NaCl con-
centration. This could be explained by a smaller amount of ambient acoustically coupled
to the surface, since the solution is becoming more viscous upon the addition of salt.
Figure 8.10.: Effect of salt and temperature on the viscosity of PNIPAAm brushes
Best match model data for the viscosity, shown in Figure 8.10, exhibits a shift to higher
values with the increase of salt concentration. Here the polymer chains are surrounded by
a more viscous ambient, which leads to a higher dissipation of vibrational energy of the
swollen brush layer. The shift of the phase transition in the viscosity with the addition of
NaCl is about the same as for the areal mass.
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8.3. Summary
The responsive behaviors of three different types of polymer brushes were studied using
the combinatorial method QCM-D/SE. The change in swelling at two different pH values
was tested for P2VP and PAA brushes. Both techniques detected the incorporation of
counter ions and ambient molecules into the brush layer with increasing charging. The
difference in the detected change in areal mass by QCM-D compared to SE, was found to
be about the same for P2VP and PAA, although the strongly swollen PAA brushes are
supposed to have a more diffuse outer region at the brush surface, which is not detected by
SE. Detailed studies with a gradual change of pH values together with comparative zeta-
potential measurements are suggested to lead to a further understanding of the behavior
of the two brush systems.
Thermoresponsive PNIPAAm brushes with two different grafting densities were inves-
tigated. In agreement with literature data, the phase transition was found to occur in a
broader region than reported for free PNIPAAm in solution, and the swelling ratio was
found to decrease with decreasing grafting density. The difference in buffer content as
detected by QCM-D compared to SE, ∆ΓQCM−SE , was found to stay constant during the
first shallow stage of the transition. At the transition temperature, a sharp decrease of
∆ΓQCM−SE , was observed, which was connected to the transition from a parabolic to a
step wise profile of the chain segment density. Further experiments with a higher reso-
lution of temperatures and in a broader range of grafting densities, or even with mixed
polymer brushes are promising to provide further insight into this topic. The effect of
the addition of NaCl was studied by the same method. A large linear shift of Tc to lower
temperatures was observed. This shift was considerably higher than that found for PNI-
PAAm in solution. The comparison of the two techniques indicated that SE detected a
larger thermal hysteresis than QCM-D, probably because SE has increased sensitivity for
the dense region of the brush, where the effect of interchain hydrogen bonds is assumed
to be more prominent. The measured hysteresis effect decreased with increasing NaCl
content, which indicated the interaction of salt ions with the amide groups, and disrup-
tion of hydrogen bonding. These findings could be further elucidated with an increased
temperature resolution, as well. Another point of interest is the response of these brush
systems to a variety of cations or anions, which were reported to shift the phase transition
of PNIPAAm in solution to higher or lower temperatures.
The insights reported here, provide further knowledge for the development and appli-
cation of thermoresponsive coatings utilizing PNIPAAm brushes, and demonstrate the
interesting potential for applications of the additional ion-sensitivity.
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8.4. Experimental Details
Brush Preparation
Polymer brushes were grafted on silica coated quartz crystals, according to the method
described in chapter,7.
Combinatorial QCM-D/SE
The combinatorial QCM-D/SE setup consists of an E1 QCM-D and an ellipsometry com-
patible module, mounted onto the sample stage of an alpha-SE spectroscopic ellipsometer
with a fixed angle of incidence (AOI) of 65◦. Accidentally, some measurements were done
at an AOI of 70◦, resulting in an actual AOI of 68.8◦. Experiments with varying pH
were done in 0.01 M sodium acetate buffer (Acros, Germany) solution at a constant tem-
perature of 22 ◦C. Constant exchange of liquid was done at a flow rate of 0.1 ml min−1.
For temperature dependent measurements, Millipore water purified with Purelab Plus R©
Ultrapure was used, with and without addition of NaCl. The ellipsometry-compatible
module temperature was controlled by the QCM-D software, and the system temperature
was maintained, step-wise, at 30 min intervals. Temperature dependent experiments were
done at stagnant flow conditions.
Ellipsometry modeling
Measurements of the blank silica coated quartz sensors were parameterized by basis-spline
(B-spline) functions and considered “virtual substrates” for further modeling.208 For insitu
measurements, first a two-parameter Bruggemann-EMA model was used to determine the
combined refractive index and the volume fractions of the polymers and the ambient using
fixed values of refractive index as for the dry measurements. For the optical properties of
the ambient the refractive index, n(λ) was measured with a digital multiple wavelength re-
fractometer (DSR-lambda, Schmidt+Haensch GmbH& Co.) at eight different wavelengths
from 435.8 nm to 706.5 nm.
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9. Nanoparticles in Polymer Brushes
Catalysis probably is one of the most important and oldest applications of nanotech-
nology.213 Because of quantum confinement effects and their high surface-to-volume ra-
tio, nanoparticles have unique properties compared to the corresponding bulk materials.
Due to this, entities consisting of noble metals become very reactive and excellent cata-
lysts at nanometre size. For industrial catalytic applications permanent immobilization
of nanoparticles in carrier systems or on solid supports is extremely desired, since this
eases manipulation and ensures purification of products, recycling of the precious cata-
lyst and minimization of waste treatment. To prevent agglomeration of nanoparticles,
mostly stabilizer molecules are used which simultaneously are not to alter or block the
nanoparticle surface, which is essential to keep their eligible properties. Many approaches
have been made to immobilize and stabilize nanoparticles in a polymeric matrix, including
dendrimers,214,215 microgels,216,217 or latex particles.218,219 Compared to those, polymer
brush systems have the advantage to be easily fashionable.29,30 In these systems, a high
number of functional groups and the open structure of the polymer brushes ensure stabi-
lization and easy diffusion of reactants to the nanoparticle surface at the same time.
Nanoparticles were immobilized in such polymer brush layers either by covalent or non-
covalent interactions and either with functional groups along the whole chain or at specific
endgroups of the polymer chains.32,220,221 However, the polymer brush cannot only immo-
bilize preformed nanoparticles, it is also able to act as a “nanoreactor” where nanoparticles
can be formed insitu and are both immobilized and stabilized simultaneously. For cat-
alytic applications this method is especially interesting, because of the absence of any
additional stabilizer molecules on the surface of the nanoparticles. This insitu formation
process involves two steps: Adsorption of metal ions to the polymer followed by their
reduction to nanoparticles.
Insitu-synthesis of nanoparticles in polymer brushes was used by several groups in
the last years exploiting various interactions to adsorb metal ions to functional groups
of the polymer. For example, Chen et al.218 synthesized Pt colloids insitu in poly-(N-
isopropylacrylamide) grafted polystyrene microspheres by adsorption of PtCl2−6 -ions to
the polymer via interaction with its amide groups. Ballauff and co-workers31,222,223 fab-
ricated Au, Pd and Pt nanoparticles in spherical polyelectrolyte brushes via counterion
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exchange and found them catalytically active. Gupta et al. synthesized Ag nanoparticles18
in P2VP brushes exploiting the complexation of metal ions by the pyridyl group of the
polymer,224 which is often used to immobilize metallic nanoparticles in other polymer sys-
tems e.g. block copolymers.225–227 Because of the interaction of P2VP with various types
of metals, P2VP brushes can be used to fabricate a broad range of catalytically active
nanocomposites.
Here, we report on the insitu-synthesis of catalytically active Pd and Pt nanoparticles
in P2VP brushes and binary PNIPAAm-P2VP brushes by adsorption of either Pd2+- or
PtCl2−6 -ions to the polymer and subsequent reduction to metallic nanoparticles by sodium
borohydride (NaBH4) (Figure 9.1).
Figure 9.1.: Illustration of the insitu synthesis of Pd and Pt nanoparticles in P2VP brushes
Formation and immobilization of nanoparticles in the brush were investigated by various
spectroscopic and microscopic characterization techniques and the influence of several
reaction parameters was analyzed as well. A special focus laid on the revelation of the
interaction of the metal species with P2VP, not well understood until now because it is
mostly neglected in other works exploiting the insitu-synthesis of nanoparticles in P2VP.
To test the application of these nanocomposites as catalytic systems we chose the reduction
of 4-nitrophenol to 4-aminophenol by NaBH4 as a model reduction. Besides being of
industrial importance in the production of pharmaceuticals, this reaction can easily be
monitored via UVvis-spectroscopy and is frequently used to test the catalytic activity of
noble metal nanoparticles.228–230
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9.1. Summary of Diploma-Thesis
In the Diploma-thesis “InSitu-Synthese von Palladium- und Platin-Nanopartikeln in Po-
lymerbu¨rsten” completed at the IPF Dresden in between January and August 2009, pre-
liminary work was done on the subject of the insitu-synthesis of palladium and platinum
nanoparticles in P2VP and binary PNIPAAm-P2VP brushes.
The insitu-synthesis of metallic nanoparticles, via adsorption of metal ions to the poly-
mer and subsequent reduction with NaBH4, yielded nanoparticles homogeneously immo-
bilized in the polymer brushes and exhibiting catalytic activity. XPS was used to reveal
the oxidation states of elements on the surface and the interaction of platinum ions with
P2VP, while AFM, SEM and TEM were used to image the formation of nanoparticles.
To image the lateral distribution of nanoparticles in planar polymer brushes with TEM,
a novel preparation technique was established, where special “TEMwindows” were used
for this kind of specimens for the first time in literature. These images revealed the ho-
mogeneous distribution of Pd nanoparticles on the surface, whereas the Pt nanoparticles
form homogeneously distributed islands of nanoparticles. Insight in the mechanism of
insitu synthesis of nanoparticles was gained by investigation of the influence of different
reaction parameters. The adsorption rate is influenced by the concentration of metal salt,
but probably due to multi-complexation, saturation of the polymer is reached at non-
stoichiometric conditions. Increasing the concentration of the reductive agent led to an
increased amount of agglomerates on the surface.
Concerning binary PNIPAAm-P2VP brushes, it was found that no adsorption to PNI-
PAAm takes place and the amount of nanoparticles increases as the content of P2VP in
the binary brush increases.
The catalytic activity was proven using the well known reduction of 4-nitrophenol by
NaBH4. Catalysis was conducted in relatively large reaction volumes, thus only samples
with highest coverage of nanoparticles showed measurable catalytic activity. Therefore no
investigation of the proposed stimuli-responsive catalytic activity of nanoparticles in the
PNIPAAm-P2VP brushes was possible. Stimuli-responsiveness of the brushes with im-
mobilized nanoparticles was shown by some preliminary null-ellipsometry measurements,
though.
Open questions remaining were the interaction of the Pd ions and the nanoparticles with
the polymer, and the reason for the island formation with platinum as well as the stimuli-
responsive catalytic activity of nanoparticles in the PNIPAAm-P2VP brushes. These are
addressed in this thesis.
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9.2. Insitu-Synthesis of Metallic Nanoparticles in P2VP-Brushes
9.2.1. Interaction with P2VP
High-resolution XPS spectra were recorded to study the oxidation states of the metal
species implemented into the P2VP brush layer. Figure 9.2 shows these spectra. For
comparison the spectra with Pt are displayed here as well, although these were already
shown in the Diploma-thesis.
Figure 9.2.: High-resolution XPS spectra recorded from unloaded P2VP brushes (a,d),
P2VP brushes loaded with platinum ions (b), and P2VP brushes after re-
duction of the platinum ions to metallic Pt0 nanoparticles (c), P2VP brushes
loaded with Pd ions (e), and P2VP brushes after reduction of the Pd ions to
metallic Pd0 nanoparticles (f)
XPS spectra recorded after immobilization of Pd nanoparticles in P2VP brushes show
signals at 335.0 eV and 340.5 eV belonging to Pd(0) 3d3/2 and 3d5/2.
231 Evidence for
the bond of the metal ions or nanoparticles to the polymer can be seen by comparing
the signals belonging to nitrogen before and after the adsorption and after the reduction
of metal ions: the high-resolution N 1s spectrum of the unloaded P2VP brush sample
shows only one binding state of the nitrogen atoms (Figure 9.2 d). The low binding en-
ergy of component peak P (399.34 eV) reflects the high electron density in the pyridine
rings of the P2VP molecules. The binding energy found, excellently agrees with literature
data.231 Electron transfer between the conjugated pi-orbitals of the pyridine rings and
the anti-binding pi∗-orbitals lead to spread shake-up peaks observed at about 405.5 eV.
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Loading the P2VP brush with Pd ions changes the shape of the corresponding N1s spec-
trum(Figure 9.2 e-f). The binding energy of the component peak P agrees with the binding
energy found for nitrogen in the unloaded pyridine rings. Obviously, this component peak
represents pyridine units, which are not in contact with the implemented Pd ions. An
additional component peak Q appeared at 398.7 eV. It is assumed that this component
peak shows nitrogen which is involved in a complex formation with Pd ions. Generally,
the complex formation is characterized by an electron transfer from the electron donating
center of the ligand-forming group to the geometrically overlapping electron-accepting or-
bitals of the metal. The increased electron density on the metal is partly back-donated to
a geometrically overlapped orbital of the ligand group. The pyridine ring has two donor
centers. It can provide electron density via the lone pair of the nitrogen atom (n-donor),
and the aromatic ring can act as pi -donor. The loss of electron density slightly shifts the
binding energy of the nitrogen atoms involved in complexes to a higher binding energy
value. The component peak R at 401.4 eV is associated with protonated nitrogen in the
pyridinium cation, which had been found to be a major component in spectra of P2VP
with Pt ions, since Hydronium ions, provided by the added hexachloroplatinic acid are
able to protonate the Brønsted-basic pyridine nitrogen. With Pd ions this component
peak is less intensive than the component peak Q, indicating that the Pd ions are mostly
interacting with the nitrogen through complex formation. After the reduction to metallic
nanoparticles, similar to the samples with Pt nanoparticles, the difference to an unloaded
P2VP is less pronounced, but the component peak Q indicates the complexation of a few
pyridine groups with the surface of the Pd nanoparticles.
To further evidence the interaction between ions or nanoparticles and the pyridine group,
ATR-FTIR spectra were taken at different steps during the immobilization procedure.
Figure 9.3a shows spectra taken before and after adsorption and after reduction of Pd
ions. In the region shown in the figure, valence vibrations of the pyridine ring can be
detected.232 Comparing the spectra, it can be seen, that two vibrations are affected by the
adsorption of Pd ions. The peak at 1590 cm−1 is shifted to 1602 cm−1 with a shoulder at the
original wave number and the peak at 1471 cm−1 is shifted to 1480 cm−1. This spectral
change is similar to that found by Roda for IR spectra of the complexation of various
metals by different poly(vinyl pyridines).233 Coordination of Pd2+ to the free electrons
of the pyridine-nitrogen increases the order of the C=C- and C=N-bonds and therefore
shifts the vibrations to higher wave numbers. After reduction of ions to nanoparticles the
second peak remains upshifted with respect to that of the bare P2VP brush, indicating
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Figure 9.3.: ATR-FTIR Spectra of unloaded P2VP brushes, P2VP brushes loaded with
palladium ions (a) or platinum ions (b), and P2VP brushes after formation of
nanoparticles; curves were shifted along the vertical axis for better display
the complexation of the pyridine group to metal atoms at the surface of the nanoparticles.
However, spectra taken after treating P2VP brushes with Pt ions (Figure 9.3b), show
a different change in spectra: the vibration at 1590 cm−1 is weakened and a new peak
appears at 1619 cm−1. This vibration along with the one at 1536 cm−1, is connected with
the protonation of the pyridine ring by H2PtCl6
234 and had also been observed in spectra
of P2VP after treatment with HCl. Both XPS and ATR-FTIR attest the diverse nature
of the interaction of the two different metal species with the polymer.
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9.2.2. Lateral Distribution of Pt-Nanoparticles
Figure 9.4.: TEM images of (a) Pd nanoparticles and (b) Pt nanoparticles in P2VP brushes
prepared on TEMwindows
Figure 9.4 shows TEM images of nanoparticles in P2VP brushes on TEMwindows. Soft-
ware assisted analysis of the particle size gives the mean diameters for Pd nanoparticles
as 1.3±0.7 nm and for Pt nanoparticles as 1.8± 0.8 nm. A big difference in the lateral dis-
tribution on the surface can be seen: the Pd nanoparticles are homogeneously distributed
in contrast to the Pt nanoparticles that form “islands” of several nanoparticles separated
by nanoparticle-free areas. To check the influence of the interaction between polymer
and metal ions on this distribution effect – coordinative or electrostatic –, nanoparticles
were synthesized using tetrachloropalladium acid (H2PdCl4). However, they were found to
have a distribution similar to nanoparticles synthesized by using PdCl2. Also, ATR-FTIR
spectra showed for P2VP treated with H2PdCl4 both a shifted peak due to coordinative
interactions and a less intensive peak due to protonation (Figure 9.5). This compound
interacts both electrostatically and coordinatively with the polymer. Experiments with
platinum chloride (PtCl2), which would be expected to interact solely coordinatively could
not be conducted successfully because of the poor solubility of this compound. On the
other hand, the performance of several short adsorption-reduction cycles resulted in more
homogeneously distributed Pt nanoparticles but also in a high number of larger agglomer-
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ates on the surface, indicating that the island formation is connected to the lower amount
of metal ions adsorbed to the polymer in the synthesis of platinum nanoparticles and not
to the interaction with the polymer.
Figure 9.5.: ATR-FTIR Spectra of unloaded P2VP brushes and P2VP brushes loaded with
H2PdCl4; curves were shifted along the vertical axis for better display
84
9.2. P2VP-Brushes Meike Ko¨nig - Functional Coatings
9.2.3. QCM-SE investigation of Nanoparticle Synthesis
By combining the optical method spectroscopic ellipsometry (SE) with the acoustical
technique quartz crystal microbalance with dissipation monitoring (QCM-D), it is possible
to thoroughly characterize the thickness, composition, optical and mechanical properties
of polymer brush coatings insitu. Particularly, the mechanisms of adsorption can be
tracked. While SE allows the characterization of thickness and composition of the layer via
appropriate optical model approaches, QCM-D gives information about thickness, solvent
molecules coupled to the polymer brush and changes in viscoelasticity.138,169 Applying
the QCM/SE hybrid method, we investigated the adsorption of metal ions to P2VP, that
are then reduced to Pd nanoparticles in a second step.
Figure 9.6.: Selected SE (top) and QCM-D (bottom) data taken during the adsorption of
Pd2+ to P2VP brushes; light areas indicate the rinsing with EtOH, while the
shaded area indicates rinsing with PdCl2 solution in EtOH; the beginning of
the area corresponds to the switching of valves, the data changes as soon as
the new solution reaches the cell; QCM-D data were referenced to the state
of the least dissipation
Figure 9.6 displays exemplary raw data taken during the adsorption of Pd ions to P2VP
brushes. After an initial rinse with a constant flow of ethanol, a PdCl2-solution is intro-
duced (indicated by the shaded area) causing a change in QCM-D and SE measurements.
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Comparative measurements with bare quartz sensors demonstrate that this change is only
caused by the interaction of the polymer with the solute and not due to changes in the
optical and viscoelastic properties of the solution. Experimental SE data acquired in the
spectral region between 400-1000 nm was modeled with a stratified layer optical model
comprising three layers which account for the substrate, the anchoring layer and the poly-
mer brush, respectively. The transparent polymer brush layer was described with a Cauchy
dispersion lineshape.
Figure 9.7.: Change in thickness and refractive index derived from modeling of SE data of
the adsorption of PdCl2 to P2VP brushes by a Cauchy dispersion; the shaded
area indicates rinsing with PdCl2 solution in EtOH
Figure 9.7 shows the best-match model thickness and refractive index of the polymer
brush layer. The P2VP chains do not swell in the solvent ethanol. Upon introduction of
PdCl2, the refractive index increases rapidly due to the incorporation of Pd
2+ ions with
a high refractive index into the polymer layer. After an initial increase, the thickness
parameter decreases. This observation may be associated with crosslinking of the poly-
mer chains by the interaction of two pyridine groups with one Pd2+ ion. Upon further
incorporation of Pd2+, the thickness parameter slightly recovers, possibly due to electro-
static repulsion of the positively charged moieties, immobilized in the otherwise neutral
polymer layer. Final rinsing with ethanol causes very slight changes in refractive index
and thickness, implying that the Pd2+ ions are tightly bound to the polymer chains and
cannot be rinsed off. To quantify the amount of Pd in the polymer layer in the final ad-
sorption stage, an isotropic Bruggemann-effective medium approach (EMA) was used.235
A volume percentage of 5.7 ± 0.1% Pd was determined, which corresponds to an areal
mass of 5.3± 0.4 mg m−2 (assuming a bulk density δPd,bulk = 11.99 g cm−3)
To model QCM-D data, two approaches had to be used. In the first part of the adsorp-
tion the dissipation decreases, implying decreasing layer viscoelasticity due to a loss of
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Figure 9.8.: Change in areal mass (a) and viscoelasticity (b) modeled from QCM-D data
by a viscoelastic model and a Sauerbrey approach; the shaded area indicates
rinsing with PdCl2 solution in EtOH
mechanically coupled solvent. Since the dissipation parameter is sufficiently large and the
polymer brush layer may be considered laterally homogeneous, a Voigt-Voinova-Model was
used.159,162 In the second part, a simple Sauerbrey Model was sufficient to describe the
change in frequency.156,159 Figure 9.8 displays the change in areal mass, viscosity and shear
modulus fitted from QCM-D data. Similar to the thickness change seen in the SE data,
QCM-D shows an initial increase of coupled mass followed by a rapid decrease, which can
be associated with the initial adsorption of ions, followed by cross-linking and deswelling
of the polymer layer accompanied by the loss of counter ions and solvent molecules pre-
viously co-adsorbed to the polymer layer. Deswelling also causes a drastic decrease in
viscoelasticity. The second part of the adsorption takes place without further change in
viscoelasticity, and the further incorporation of Pd2+ ions can be monitored by the change
in adsorbed mass only. In agreement with SE measurements, the final rinsing step causes
only a slight decrease in the adsorbed mass, again implying the tight adsorption of Pd2+
87
Meike Ko¨nig - Functional Coatings Chapter 9. Nanoparticles in Polymer Brushes
ions to the pyridine group of the polymer. A final mass change of ∼ 2 mg m−2 is calculated.
Thus the mass change resulting from QCM-D and SE measurement analysis is compara-
ble, although both values have to be regarded with care. The mass change of QCM-D was
gained by the Sauerbrey equation neglecting the viscosity and the density of the ambient.
For SE on the other hand, the assumption of the optical properties and density of bulk
Pd for the adsorbed ions, leads to an overestimation of the areal mass. Nevertheless, that
both techniques show comparable results provides some assurance that both assumptions
are reasonable.
Figure 9.9.: Change in SE data of P2VP brushes upon adsorption of Pd2+ and subsequent
reduction to Pd nanoparticles; (a) measured Ψ(λ) and ∆(λ) with correspond-
ing best match model data (thin black lines), (b) best-match model layer
thickness and calculated amount of Pd
Due to the formation of hydrogen bubbles, the reduction to Pd nanoparticles with
NaBH4 could not be monitored insitu. Figure 9.9a compares Ψ(λ) and ∆(λ) of SE mea-
surements taken at the three steps of the nanoparticle formation. No further variation of
the ellipsometric angles is detected after the reduction of Pd2+ to nanoparticles. Analysis
of the measured data, results in almost no change in Pd content and layer thickness, which
suggests that all Pd2+ ions were reduced to Pd nanoparticles (Figure 9.9b).
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9.2.4. Catalytic Activity
Figure 9.10.: (a) Consecutive UVvis spectra of the reduction of 4-nitrophenol to 4-
aminophenol by NaBH4 catalyzed by Pd nanoparticles and (b) logarithmic
plot of the decrease of Absorption at 400 nm with time
The catalytic activity of Pt and Pd nanoparticles was tested using the reduction of
4-nitrophenol to 4-aminophenol by NaBH4. The kinetics of this reaction can easily be
followed using UVvis-spectroscopy because 4-nitrophenol shows a characteristic absorption
band at 400 nm, whereas 4-aminophenol characteristically absorbs at 300 nm. Therefore
the progress of the reduction can be measured by the decrease of the absorbance at 400 nm.
Contrary to the process used in the diploma-Thesis, the reaction was performed directly
inside the spectrometer with the catalyst wafer standing at the side of the cuvette. To start
the reaction, a given volume of NaBH4 solution was added to the 4-nitrophenol-solution.
The color of the solution changed immediately to a deep yellow, because addition of
NaBH4 results in an increase of pH and the hydroxyl groups of the phenol are getting
deprotonated.228 In the UVvis spectra taken consecutively every 200 s, the absorbance at
400 nm decreases with time and a new absorption band at 300 nm appears (Figure 9.10a).
Experiments with samples of unloaded P2VP-brushes showed no change in spectra proving
that solely the metallic nanoparticles are responsible for the catalytic activity. Because
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the reductive agent is added in great excess, the reaction can be regarded as a pseudo first
order reaction229 with
−dc(t)
dt
= −dA400nm(t)
dt
= kobsA400nm(t) (9.1)
and
lnA400nm(t) = −krt+ lnA400nm0 (9.2)
= −knormScatt+ lnA400nm0 (9.3)
(c(t): concentration of 4-nitrophenol and A400nm: absorbance at 400 nm at time t
and A400nm(0): absorbance at 400 nm at the start of reaction). Plotting of lnA400nm −
A400nm(0) against t results in a straight line with the observed rate constant kobs as slope.
Figure 9.10b shows this plot for catalysis with typical samples of Pd nanoparticles and Pt
nanoparticles. It is assumed that the observed rate constant kobs is proportional to the sur-
face Scat of the catalyst and therefore depending on the amount and size of nanoparticles
on the samples.223
With the quantitative analysis of the XPS spectra in addition to ellipsometry results,
it is possible to estimate the amount of metal on the surface. This is done by calculating
the amount of nitrogen on the surface using the amount of polymer or rather the grafting
density deducted from ellipsometry measurements and the ratio of molar amounts known
from XPS spectra to calculate the amount of platinum on the surface as
APt =
(
nPt
nPN
)
XPS
· wN/P2V P ·
σ ·Mn,P2V P ·MPt
NA ·MN ≈ 0.1mg ·m
−2 (9.4)
Using σ: grafting density of P2VP brush, Mn,P2V P : number average of molecular weight
of P2VP, MPt: molecular weight of platinum,MN : molecular weight of nitrogen, NA:
Avogadro’s number, APt: amount of platinum on the surface, nN : molar amount of
nitrogen on the surface, nPt: molar amount of platinum on the surface and wN/P2V P
weight percentage of nitrogen in P2VP. For a typical sample with Pd nanoparticles an
amount of APd ≈ 2.9mg ·m−2 was estimated.
Taking the amount of metal and the size of the nanoparticles derived from TEM images,
the surface area of the catalytic nanoparticles Scat can be calculated under the assumption
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of spherical particles:
Scat =
AWafer ·AMe · 3
ρMe · rNP (9.5)
With AWafer: Area of used sample, ρMe: bulk density of metal. This way for a 3 cm
2
sample the surface area of the catalyst was calculated as about 3.40 cm2 for Pd nanopar-
ticles and about 0.07 cm2 for Pt nanoparticles. To compare the catalytic activity of both
kinds of metal nanoparticles, the observed rate constants have to be normalized by this
area. The normalized rate constants can be read as about 0.2 · 10−3s−1cm−2 for Pd
nanoparticles and 2.7 · 10−3s−1cm−2 for Pt nanoparticles. Thus the surface of the Pt
nanoparticles per se shows notably higher catalytic activity. But since the catalytic activ-
ity per sample area is considerably higher, the composite systems with Pd nanoparticles
have to be considered more suitable for potential applications. The nanocatalyst sur-
faces were reused in multiple reaction cycles without significant change in the kinetics of
the reaction after a slight initial decrease of ∼30-40 %, proving the high stability of the
nanoparticles under the applied reaction conditions (Figure 9.11).
Figure 9.11.: Observed rate constant of multiple catalysis cycles with Pd nanoparticles on
P2VP
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9.3. Insitu-Synthesis of Metallic Nanoparticles in binary
PNIPAAm-P2VP-Brushes
Due to their stimuli-responsive swelling behavior, polymer brushes cannot only be used
as sole carriers but also to modulate the properties of the immobilized moieties.2 For
example, the surface plasmon resonance peak of nanoparticles immobilized on solvent
sensitive polystyrene brushes220 or on pH sensitive P2VP brushes18 could be affected.
These systems show promising properties applicable in sensor systems. The fabrication of
stimuli-responsive catalytic systems, which allow the control of the catalytic activity by
changes in the environment, has been investigated by several groups, mostly by exploiting
microgels.31,217,236,237 So far only the use of spherical polymer brushes has been reported
for stimuli-responsive catalytic systems.238,239 To the best of our knowledge, no reports on
the fabrication of stimuli-responsive catalytic coatings on macroscopic surfaces have been
published by now. Immobilization of catalysts on macroscopic surfaces eases the reuse and
recycling of precious catalyst and renders promising candidates for lab-on-a-chip-systems
and novel smart coatings for microreaction technology or chemical engineering.
Here, we report on the fabrication of such coatings by insitu-synthesis of Pd and Pt
nanoparticles in binary PNIPAAm-P2VP brushes (Figure 9.12). The interaction of the
nanoparticles with the polymer was investigated, as well as the influence of the incorpo-
rated nanoparticles on the responsive swelling behavior of the polymer brushes. Via the
reduction of 4-nitrophenol to 4-aminophenol, the temperature dependent catalytic activity
was studied.
Figure 9.12.: Illustration of the stimuli-responsive catalysis of nanoparticles in binary poly-
mer brushes; the temperature induced phase transition of PNIPAAm chains
at Tc is proposed to lead to a diffusional barrier blocking the access of the
reactants to the catalyst
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9.3.1. Interaction with PNIPAAm-P2VP
Figure 9.13.: ATR-FTIR Spectra of mono P2VP and PNIPAAm brushes and binary
PNIPAAm-P2VP-brushes with and without adsorbed Pd2+; spectra were
shifted vertically for clarity of presentation; the arrows indicate the observed
shift in the spectrum with Pd2+
AFM studies conducted during the Diploma-Thesis had revealed that the amount of
nanoparticles on the surface increased with the content of P2VP in the binary brush,
while no nanoparticles were found on mono PNIPAAm brushes. ATR-FTIR spectra were
recorded to investigate the interaction of the metal precursors with the polymer chains.
Figure 9.13 shows the spectra of PNIPAAm-P2VP brushes before and after the adsorption
of Pd2+ together with the spectra of the mono brushes for comparison. The spectrum of
the binary brush combines the features of the spectra of the mono brushes in this spectral
range, with the amide bands at 1550 and 1645 cm−1 assigned to PNIPAAm and the ring
vibrations of the pyridyl group at 1475, 1570 and 1590 cm−1 assigned to P2VP. Interest-
ingly, compared to the spectra of the mono brushes, the amide I band at 1550 cm−1 is
upshifted and the pyridine band at 1475 cm−1 is downshifted, probably owing to interac-
tions between the two polymers. Upon adsorption of Pd2+, the amide bands remain in
their former shape and position whereas two of the pyridine bands are shifted to higher
wavenumbers (1480 and 1605 cm−1),233 which has also been observed for experiments with
P2VP mono brushes. Coordination of Pd2+ to the free electrons of the pyridine-nitrogen
increases the order of the C=C- and C=N-bonds resulting in the observed shift. No com-
plexation of Pd2+ by the amide groups of PNIPAAm can be detected.240 A reason for this
might be the formation of a tight physical network between closely tethered PNIPAAm
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chains through hydrogen bonds between the amide groups. PNIPAAm brushes were also
found to be resistant against adsorption of proteins.80
To gain a high grafting density of the temperature-sensitive component PNIPAAm and
a high coverage of the surface with catalytically active nanoparticles at the same time,
binary brushes with a low molecular weight P2VP component (10 000 g/mol) were prepared
and used for most studies in this chapter. The small chain length allows the grafting of
P2VP in a high density, while at the same time constituting a less diffusional barrier for the
grafting of PNIPAAm as a second brush polymer. Comparative SEM studies (Figure 9.14)
revealed that the influence of the chain length on the nanoparticle formation is of minor
importance.
Figure 9.14.: SEM images (InLens detector) of Pd nanoparticles synthesized in binary
PNIPAAm-P2VP brushes with P2VP of Mn = 40 600 g/mol (a) and Mn =
10 000 g/mol (b)
9.3.2. Stimuli-Responsive Swelling
To investigate the influence of the incorporation of nanoparticles on the responsive swelling
behavior of the polymer brushes, SE and GISAXS experiments were conducted. The tem-
perature dependent swelling was monitored via insitu-SE. PNIPAAm is well known for its
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Figure 9.15.: Temperature responsiveness of PNIPAAm-P2VP brushes with and without
Pd nanoparticles determined from SE measurements (a)thickness, b) refrac-
tive index
temperature sensitive behavior showing a phase transition at Tc ∼32 ◦C in pure water.25
Experimental SE data acquired in the spectral region of 370-900 nm were modeled with
a stratified layer optical model, comprising four layers which account for the substrate,
the SiO2-layer, the anchoring layer and the polymer brush, respectively. The wavelength
dependence of the effective refractive index of the polymer brush layer with immobilized
nanoparticles swollen in water at pH 7 could be described with a normal Cauchy disper-
sion lineshape. A three component effective medium approach (EMA) consisting of water,
polymer and metal gave a volume fraction of only ∼ 1% for the nanoparticles, since the
P2VP component of the brush, where the nanoparticles are localized, does not swell under
the applied neutral conditions and remains near the surface of the substrate. Figure 9.15
shows the best match model thickness and refractive index of binary PNIPAAm-P2VP
brushes with and without nanoparticles dependent on temperature. The polymer brushes
show a first slowly than abruptly declining thickness between 20 ◦C and 32 ◦C where the
brushes collapse to nearly their dry thickness. The phase transition occurs in a broader
region than known from PNIPAAm in solution, which is a common behavior for grafted
polymers.49,241,242 After the immobilization of nanoparticles, the swollen thickness of the
polymer chain is reduced, and the position of Tc is slightly shifted to lower temperatures.
This is assigned to a slight decrease of the PNIPAAm grafting density,28 during the for-
mation of nanoparticles under basic conditions, which can lead to the cleavage of the ester
bond to the anchoring layer. After nanoparticle formation, the dry thickness of the poly-
mer layer was found to have decreased by 4 nm, as well. For Pt nanoparticles, where the
reduction time is shorter, no decrease in dry thickness and swollen thickness was found.
To verify the optical modeling of swollen brushes with nanoparticles, insitu-AFM studies
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Figure 9.16.: AFM height image and the corresponding horizontal sections of razor cut
PNIPAAm-P2VP brushes (a) without nanoparticles, (b) with Pd nanopar-
ticles, swollen in water at pH 7
were conducted at 20 ◦C. To evaluate the thickness of the swollen brush with and without
nanoparticles, the polymer layer was scratched by a razor blade in dry state and AFM
measurements were done insitu in a droplet of water on the sample (Figure 9.16). The
steps were measured as 30 nm without nanoparticles and 22 nm with Pd nanoparticles, in
excellent agreement with SE model data.
Binary brushes exhibit a characteristic swelling behavior upon treatment with a selective
solvent, where lateral (“ripple”) or perpendicular (“dimple”) phase separation occurs.57,58
If the solvent is removed very fast, these phases can be frozen in and identified also in
dry state. Figure 9.17 displays the proposed lateral changes in the binary brushes for two
different ambient conditions. At 20 ◦C and pH 7 only PNIPAAm is swollen, while P2VP is
in a collapsed state. The contrary state is found at the conditions of 40 ◦C and pH 3, where
water is a selective solvent for the now strongly positively charged P2VP and PNIPAAm
is collapsed. By means of GISAXS the structural changes occurring during switching
of the binary PNIPAAm-P2VP brushes with and without nanoparticles were probed in
dependence of pre-treatment with solutions of different temperature and pH. To achieve
a higher response to pH, binary brushes with a P2VP component of a higher chain length
(40 600 g/mol) were utilized.
The lateral changes are quantified using horizontal line cuts (with respect to the sam-
ple surface) of the 2D GISAXS data (Figure 9.18) at the position of the Yoneda peak
of the polymers.193 The error of the values indicated below, lies in between 5 and 10 %.
According to Figure 9.19(a), at 20 ◦C and pH 7 for the PNIPAAm-P2VP brush one charac-
teristic peak-like feature, positioned at about qy = 0.06 nm
−1, is observed in the GISAXS
data. The fitting of the horizontal line cuts with the model given in the Experimental
Section, provides a structure factor with a size of 125 nm. It is attributed to the average
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Figure 9.17.: Schematic of the proposed changes in the lateral structure of PNIPAAm-
P2VP brushes in swollen and dry state upon treatment with two different
ambient conditions; orange: PNIPAAm, blue: P2VP
Figure 9.18.: 2D GISAXS data for PNIPAAm-P2VP brushes with Pd nanoparticles after
different temperature and pH conditions. (a)20◦ C, pH7, (b)20◦ C, pH3,
(c)40◦ C, pH7 and (d)40◦ C, pH3; the specular peak is blocked by a point-
shaped beamstop
center-to-center distance between the dimples,197 which are formed within the micro-phase
separated binary brush. The average radius of the dimples is of about 31 nm for this brush.
The dimple structure of the binary brush with Pd nanoparticles possesses smaller char-
acteristic sizes at 20 ◦C and pH 7: the average center-to-center distance of the dimples is
85 nm and their average radius is 25 nm (see fig. 9.19(b)). However, the horizontal line cut
of the 2D GISAXS data of the brush with Pd nanoparticles shows in addition a broad
shoulder located at 0.3 nm−1. This shoulder is attributed to 8 nm large agglomerates of
Pd nanoparticles present in the P2VP brush component. All of these structural charac-
teristics agree well with the local observations based on the AFM data (see Appendix).
Therefore the AFM data give representative topography information and no additional
inner structures are present in the brushes.
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Figure 9.19.: Horizontal line cuts and fits (lines) of GISAXS data of binary PNIPAAm-
P2VP brushes without (a) and with (b) Pd nanoparticles. The conditions
are (top to bottom): 20 ◦C, pH 7 ; 20 ◦C, pH 3; 40 ◦C, pH 7 and 40 ◦C, pH 3;
curves were shifted vertically for clarity of presentation
The horizontal line cuts depicted in Figure 9.19(a) show that the switching of the binary
brush without nanoparticles results in a considerable change of its dimple structure. As
expected, the largest lateral structural changes of the brush happen when varying between
the conditions 20 ◦C/pH 7 and 40 ◦C/pH 3. The radius of the dimples actually decreases
from 31 to 18 nm upon switching from 20 ◦C and pH 7 to the conditions 40 ◦C and pH 3,
and the center-to-center distance of the dimples is reduced from 125 to 110 nm. Both
structure and form factor of the dimples are systematically larger in case of the PNIPAAm-
P2VP without nanoparticles as compared to the binary brushes containing nanoparticles.
Figure 9.19(b) confirms that the switching of the binary brush with Pd nanoparticles as
function of temperature and pH modifies its dimple structure in a similar way as for the
binary brush without nanoparticles. The radius of the dimples indeed decreases from 25
to 16 nm, and the average center-to-center distance decreases from 85 to 52 nm. For the
PNIPAAm-P2VP brush with Pt nanoparticles, a similar switching behavior of the dimple
structure is also observed in dependence of pH and temperature. This proves that the
functional characteristics of the polymer brushes, their stimuli-responsive behavior, is still
present after the immobilization of nanoparticles.
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9.3.3. Stimuli-Responsive Catalytic Activity
The catalytic activity of the nanoparticles in the brush was tested by the reduction of
4-nitrophenol with NaBH4. This reaction can easily be monitored by UVvis-spectros-
copy228–230 and has therefore been chosen as a model reaction. The reaction was performed
directly inside the spectrometer with the catalyst wafer fixed at the side of the cuvette.
For temperature dependent measurements the cuvette with the sample was kept at a
specific temperature by a water bath for several minutes. To start the reaction, a given
volume of NaBH4-solution was added to the 4-nitrophenol-solution. In the UVvis spectra
taken consecutively every 200 s, the absorbance at 400 nm decreases with time and a new
absorption band at 300 nm appears (Figure 9.20a).
For nanoparticles in binary PNIPAAm-P2VP brushes, especially the variance of the
reaction rate with temperature was investigated. According to Arrhenius,243 for a simple
thermally activated process, lnk should decrease linearly with 1/T according to
ln kapp = − EA
kBT
(9.6)
(kapp: apparent rate constant, EA: activation energy, kB: Boltzmann constant, T : abso-
lute temperature)
Figure 9.20b shows the Arrhenius plot for the reduction of 4-nitrophenol with NaBH4
using Pd nanoparticles in P2VP brushes and PNIPAAm-P2VP brushes as catalysts. A
similar catalytic behavior was found for Pt nanoparticles, although the rate constant
was found to be overall lower, since less nanoparticles were immobilized. As expected,
nanoparticles in P2VP brushes exhibit normal Arrhenius like behavior and the rate con-
stant increases with temperature. It has to be clarified that the absolute reaction rate in
between the P2VP and the binary brushes presented in this figure cannot be compared
since the amount of nanoparticles present on the P2VP brushes was less. Hence, only
the trend in the reaction rate with temperature is discussed here. For the nanoparticles
in binary brushes, a deviation from normal Arrhenius-like behavior can be seen: in the
region between 20 ◦C and 32 ◦C where the polymer brush shows a declining thickness,
the reaction rate slightly decreases with temperature. Apparently, the effect of tempera-
ture on the reaction rate is overcompensated by the influence of the increasing diffusional
barrier of the collapsing PNIPAAm chains. At the phase transition, a sudden increase
in the reaction rate is detected. Above 32 ◦C where the thickness of the polymer layer
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Figure 9.20.: Reduction of 4-nitrophenol to 4-aminophenol catalyzed by Pd nanoparticles
in PNIPAAm-P2VP brushes; (a) change in absorption spectra over time, (b)
Temperature dependence of the reaction rate compared to catalysis by Pd
nanoparticles in P2VP brushes (filled symbols: PNIPAAm-P2VP brushes;
open symbols: P2VP brushes, each type of symbol represents one batch of
samples); dotted lines were inserted to serve as a guide to the eye, the red
line indicating deviation from Arrhenius-like behavior
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remains more or less constant, solely temperature effects the reaction rate and therefore
an Arrhenius-like behavior of the reaction rate can be detected. It is encouraging that this
effect of the diffusional barrier was detected, regardless of the small size of the reactants
in the used model reaction.
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9.4. Summary
Catalytically active surfaces were obtained by insitu-synthesis of Pd or Pt nanoparticles
in P2VP brushes grafted on silicon substrates. XPS and ATR-FTIR studies revealed
different processes for the adsorption of Pd and Pt ions to the polymer: whereas PdCl2
adsorbs via a coordination bond between the nitrogen of the pyridine group and the metal
ion, H2PtCl6 first protonates the nitrogen and thereafter interacts electrostatically. The
nanoparticles are stabilized via coordination bonds of surface atoms to the pyridyl group
of the polymer.
The combinatorial approach of QCM-D and SE proves to be a valuable tool to inves-
tigate the adsorption of metal precursors to a thin polymer layer for the formation of
nanocatalytic coatings. With relatively simple data analysis procedures, it is possible to
gain quantitative information about the amount of metal inside the polymer layer and
changes in brush conformation and viscoelasticity during the adsorption process, leading
to new insights in the process of metal ions adsorbing to a neutral polymer layer. Since
QCM-D and SE data were taken simultaneously, it is possible to directly compare the
results of these orthogonal methods for cross-validation. Both methods show an initial
Pd2+ uptake followed by polymer chain crosslinking, the latter process causing a decrease
of thickness. In the last step, Pd2+ is further incorporated into the now more rigid polymer
layer. Measurements during rinsing steps and after the reduction of Pd2+ to Pd nanopar-
ticles demonstrate that the ions are tightly bound to the polymer and all ions are reduced
to nanoparticles.
The catalytic activity of the nanocomposite coatings was tested using the well known
reduction of 4-nitrophenol by NaBH4. Both kinds of nanocomposites demonstrated excel-
lent catalytic activity. Due to the higher amount of nanoparticles on the surface, samples
with Pd exhibited higher activity per sample, rendering them more suitable for possible
applications. Normalized against the total surface of the nanoparticles, on the contrary, Pt
nanoparticles showed a notably higher activity. Both Pd and Pt nanocomposites proved
to be stable under reaction conditions.
Since P2VP interacts with various metal species, this method can be extended to form
catalytically active surfaces with a broad range of nanoparticles, to fulfill the demands of
tailored reusable catalytically nanofilms for manifold applications.
Novel catalytic coatings with stimuli-responsive catalytic activity were fabricated by
insitu synthesis of metallic nanoparticles in PNIPAAm-P2VP binary brushes. The col-
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lapse of PNIPAAm chains with increasing temperature creates a diffusional barrier for the
reactants, resulting in a decreased reaction rate in comparison to the trend observed for
the catalysis with nanoparticles in mono P2VP brushes. These novel coatings therefore
show non-Arrhenius like catalytic activity. The responsive swelling of polymer brushes
with immobilized nanoparticles is detectable by SE and GISAXS, as well. ATR-FTIR
spectra demonstrated that the metallic precursor only interacts with the P2VP compo-
nent of the polymer brush, while the spectral features assigned to PNIPAAm remained
unchanged. Further tuning of the temperature responsive effect is expected via adjust-
ment of the chain length and grafting density of the temperature sensitive component
PNIPAAm, or the choice of a different model reaction with reactants with lower diffusion
constant. Even catalytic systems stimulated by different physical effects, such as light or
electric current, can be fashioned since the use of the “grafting to” approach allows for
the easy preparation of various mixed brush systems. In summary, the insitu synthesis of
nanoparticles in mixed polymer brushes provides a facile way to create interesting novel
coatings with stimuli-responsive properties, applicable in novel sensor systems and smart
catalytic devices.
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9.5. Experimental Details
Brush Preparation P2VP brushes and binary PNIPAAm-P2VP brushes were prepared
according to the method described in chapter 7. For GISAXS P2VP40,6k-PNIPAAm56k
brushes were used, all other experiments were done with P2VP10k-PNIPAAm56k brushes.
For TEM images, TEMwindows with a 20 nm silicon oxide layer available at TEMwin-
dows.com, USA, were used as substrates.
Preparation of nanoparticles in polymer brushes Pd or Pt nanoparticles were formed
insitu in P2VP and PNIPAAm-P2VP brushes. Therefore, metal ions (Pd2+ or PtCl2−6 ,)
were adsorbed to the polymer out of the solution of the corresponding metal salt. A
polymer brush-coated wafer was stirred in a solution of PdCl2 in ethanol (0.13mM, Aldrich,
Germany) or H2PtCl6 in water (1.3 mM, Aldrich, Germany) for several minutes and rinsed
with ethanol. For reduction to nanoparticles the sample was put in a freshly prepared
0.2 M aqueous solution of NaBH4 (Aldrich, Germany) and finally rinsed with ethanol. For
QCM-D/SE-measurements, experiments were done under flowing conditions (1 ml s−1).
Catalysis of 4-Nitrophenol-Reduction A polymer brush-coated wafer (1x3 cm) with im-
mobilized nanoparticles was put in a PMMA cuvette with 2 ml of a 0.2 mM 4-nitrophenol
solution. The cuvette was heated or cooled to the desired temperature by a waterbath
and equilibrated at this temperature for several minutes. To start the reaction 1 ml of
20 mM NaBH4-solution was added. UVvis spectra were recorded every 200 s. For each
temperature a new wafer of the same nanoparticle-batch was used.
Spectroscopic Ellipsometry Data Modeling Silicon substrates were modeled with lit-
erature values for Si and SiO2.
207 For samples on QCM-D sensors, measurements of the
blank silica coated quartz sensors were parameterized by a B-Spline model and taken as
a “virtual substrate” for further modeling. For insitu measurements, a two-parameter
Cauchy dispersion model was used to determine both refractive index and thickness of
the swollen polymer brush layer. By the use of a three-component effective medium ap-
proach (EMA) the volume fractions of the components were determined using the P2VP
index of refraction and literature values of the dielectric functions of Pd or Pt.244 For
the optical properties of the ambient the refractive index n(λ) was measured with a digi-
tal multiple wavelength refractometer (DSR-lambda, Schmidt+Haensch GmbH& Co.) at
eight different wavelengths from 435.8 nm to 706.5 nm.
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AFM razor cuts To evaluate the thickness of the swollen brush with and without nanopar-
ticles, the polymer layer was scratched by a razor blade in dry state and thoroughly rinsed
with ethanol. AFM measurements were done insitu in a droplet of water on the sample.
A first order flattening, followed by a first order plane fit of the upper level of the step was
applied to the height images, using NanoScope Analysis Software, Version 1.40 (Bruker
Corporation, Karlsruhe, Germany).
GISAXS Measurements and Modeling To measure the structural changes in PNIPAAm-
P2VP brushes with and without nanoparticles, the samples were immersed in the respec-
tive solution at the desired temperature for 5 min and dried thereafter.
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10. Enzymes in Polymer Brushes
Enzymes are catalytically active proteins, which are responsible for the control of al-
most all biochemical reactions in living organisms. Compared to other catalytically active
species, they possess an outstanding substrate-specificity and stereochemical selectivity.
Immobilization of enzymes has been studied continuously over the last decades.131–134
For applications as industrial biocatalysts or in sensor technologies, the immobilization
of enzymes is of crucial importance, since it ensures convenient handling such as facile
separation from the product, efficient recovery and re-use, and often results in enhanced
thermal and operational stability in comparison to the soluble form of the enzyme. In gen-
eral, there are three types of immobilization techniques: binding to a pre-formed carrier
or support, encapsulation within a carrier matrix and cross-linking of enzymes. Binding
to a support can be done by adsorption via non-covalent or ionic bonds, or by chemical
coupling. The immobilization might change the activity of enzymes, either intrinsically, by
a change in the conformation or mobility of the enzyme, or by a change in the accessibility
of the enzyme. These changes mostly lead to a decrease in the activity of the immobilized
enzyme, whereas in some cases also increased activity, as compared to the free enzyme in
solution, was observed.245,246
Polymer brushes, as carriers with a high number of functional groups, offer a promising
way to immobilize enzymes in an active way and have been extensively studied over the
last years.36,37,247,248 Mostly, covalent coupling techniques have been used to bind the
enzyme to functional groups along the polymer chains. Few reports exploit the responsive
nature of the polymer brushes249,250 and until now, no reports have been published about
the use of polymer brushes to influence the activity of immobilized enzymes in a reversible
manner, as applicable in novel sensor systems.
The enzyme glucose oxidase (GOx) is widely used as a model enzyme, because of its
high selectivity and stability and its industrial importance, for example as sensor or food
additive.118–120
In this study, we investigated the physical adsorption to the polyelectrolyte brushes
made of P2VP or PAA, as well as the covalent coupling of GOx to PAA brushes. By
combination of the biocatalytic properties of the enzyme with the responsive behavior of
the polymer brushes, novel smart biocatalytic surfaces are proposed.
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10.1. Physical Adsorption of Glucose Oxidase
Adsorption via ionic interactions is a very common method to immobilize enzymes on
supports.245,251,252 One huge advantage of this method is that no pre-treatment or modi-
fication of the enzyme and the support is necessary. Depending on the IEP of the enzyme,
its surface bears positively or negatively charged groups, which can interact with polar
surfaces. Different mechanisms for the adsorption of proteins to polyelectrolyte brushes
have been studied (see Section 4.3), and both adsorption under electrostatic attractive
and repulsive conditions have been found. To the best of our knowledge, no systematic
study of the activity of enzymes adsorbed to polyelectrolyte brushes was conducted, up
until now.
10.1.1. P2VP and PAA mono brushes
The results shown in this section on amount and activity of GOx physically adsorbed
on polyelectrolyte brushes, were gained from experiments conducted by Master student
Bhadra Lakshmi Rajeev. This study continues investigations started by E. Bittrich during
her doctoral studies, who studied the adsorption behavior at pH 4.63
The physical adsorption of the enzyme on PAA and P2VP brushes dependent on the pH
value, was monitored insitu by SE. Experiments were done in sodium acetate and sodium
phosphate buffer solution with c(Na+)=0.01 M. Data was modeled by an EMA approach
and further evaluated by a modified De-Feijter approach.
Figure 10.1 depicts the adsorbed amount of GOx on PAA and P2VP with varying pH.
The two polyelectrolyte brushes show a very distinct adsorption behavior. The enzyme
is increasingly negatively charged above pH 4 (IEPGOx=4.2
253). On PAA (IEPPAA=2.1),
the adsorbed amount ΓGOx at first increases with the pH, with a maximum of ΓGOx at
pH 5 with ∼ 40 mg m−2, even though the adsorption takes place under electrostatic repul-
sive conditions (so-called “adsorption on the wrong side”). Interestingly, the maximum
adsorbed amount is not found directly at the IEP of the enzyme, where less electrostatic
repulsion both between individual enzymes and between enzymes and polymer chains is
proposed, but above the IEP. This suggests that at this pH value the density of positive
charges on the surface of the protein matches the negative charge density of the brush
surface, leading to a maximum of released counterions as a driving force for the adsorp-
tion. Above this pH value, ΓGOx rapidly decreases, with practically no adsorption at pH
values above pH 6, due to dominating electrostatic repulsion between mutually negatively
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charged polymer chains and enzymes.
Figure 10.1.: Amount of Enzyme ΓGOx physically adsorbed to PAA or P2VP brushes
with varying pH out of a GOx solution of 0.25 mg ml−1, as determined by
SE measurements
For P2VP on the other hand, a maximum of ΓGOx was found at pH 4 with ∼ 15 mg m−2.
Upon increasing the pH, ΓGOx on P2VP is slowly decreasing down to about ∼ 3 mg m−2 at
pH 7. In this system, the polymer is less positively charged with increasing pH (IEPP2V P=
6.7), while at the same time the enzyme is more and more negatively charged, leading to
less electrostatic attraction of GOx to the polymer and more repulsion between the charged
enzymes.
Comparing the two different polyelectrolytes, in the range of pH 4 to pH 6, ΓGOx is about
three to four times higher on PAA than on P2VP, even though on P2VP the adsorption
takes place under overall electrostatic attractive conditions. One explanation for this is
the high swelling degree and thickness of PAA: while P2VP only swells to about two to
four times of the dry thickness (hP2V P,pH4 ∼ 20 nm), PAA swells to eight to ten times of
its dry thickness (hPAA,pH4 ∼ 30 nm).
The activity of the adsorbed enzyme was measured using a commercial colorimetric
assay. In order to compare samples with different adsorbed amount with the enzyme in
solution, the specific activity was calculated by dividing the measured activity by ΓGOx
present in the catalytic reaction. Figure 10.2 compares this specific activity in the oxidation
of β-D-glucose to D-glucono-δ-lactone and H2O2 for GOx immobilized on PAA or P2VP
brushes with the free enzyme dissolved in buffer solution.
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Figure 10.2.: Comparison of the specific activity of GOx physically adsorbed to PAA or
P2VP brushes and the activity of GOx in buffer solution with varying pH;
the specific activity is defined as cH202 after 15 min, per enzyme present in
the reaction
In solution, the activity of the enzyme increases with the pH value, reaching an optimum
value at pH 6, in agreement with literature data.118,120 With further increase of the pH, the
activity decreases again. To calculate the specific activity, the weighed amount of enzyme
had to be corrected by a factor of 0.15, as ATR-FTIR measurements of the solution in
comparison to an enzyme product with known protein content, gave the protein content
of this product as only 15±5 %. As a major component of the enzyme mixture, gluconate
was determined from ATR-FTIR spectra.
Adsorbed on PAA, the enzyme shows a similar trend with an optimum at pH 6, but the
activity is decreased by almost ten times, most probably due to changes in the conforma-
tion of the enzyme, influencing its active site. On the contrary, the activity of the enzyme
adsorbed to P2VP at pH 4 is about the same as the free enzyme, indicating that the active
site is not changed or blocked by the adsorption to this polymer brush. By increasing the
pH, though, the activity on P2VP decreases, indicating a change in the conformation of
the enzyme.
To obtain information about this conformation, ATR-FTIR spectra were measured in-
situ during the adsorption process at pH 4, and evaluated by Amide I analysis.177–179 The
Amide I band is sensitive to the molecular geometry and the hydrogen patterns of the
protein backbone. The contribution of several partial secondary structure components,
which are strongly overlapped, influences the position and shape of the Amide I band.
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Figure 10.3.: Comparison of ATR-FTIR spectra of GOx adsorbed to PAA and P2VP
brushes in pH 4 sodium acetate buffer
Quantification of the structural components was achieved by curve fitting. The shape of
the Amide I band was found to be sufficiently described by three components, assigned
to α-helix, β-sheet and random & turn structures of the protein. The results are listed in
Table 10.1. The error of the values obtained by Amide I analysis lies in the range of ±5%.
[%] β-sheet α-helix random & turn
X-ray119 17-18 24-27 56-58
solution 17 23 60
on PAA 34 30 36
on P2VP 22 38 40
Table 10.1.: Comparison of the enzyme conformation determined by Amide I analysis of
GOx adsorbed on P2VP and PAA brushes to measurements of a 50 mg ml−1
solution above an Si-ATR crystal and x-ray crystallography data from
literature
Figure 10.3 displays ATR-FTIR spectra in the spectral region between 1600 cm−1 and
1700 cm−1 of GOx adsorbed to PAA and P2VP brushes compared to a 50 mg ml−1 solution
of GOx measured above a Si-ATR crystal. The spectrum of GOx in solution was obtained
after subtraction of the spectrum of a gluconate solution. While the difference in ATR-
intensity reflects the difference in adsorbed amount of GOx, a clear difference can be seen
also in the shape of the Amide I band of GOx adsorbed to the different polyelectrolyte
brushes: On P2VP the fraction of the β-sheet component is similar to the bulk values
gained from X-ray crystallography and the values in solution, suggesting a rather native
conformation of GOx adsorbed to P2VP brushes. This matches the observation that the
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activity on P2VP is not changed, compared to the activity of GOx in solution at this
pH value. Upon adsorption on either polyelectrolyte the fraction of α-helix is increased.
On PAA, on the other hand, also the fraction of the β−sheet component is considerably
increased, appearing as a distinct shoulder of the amide band at ∼1630 cm−1. This hints
that the reduced activity of the enzyme, adsorbed on PAA brushes, is caused by this
structural change. A similar change was found in GOx adsorbed to P2VP brushes from
a highly concentrated solution of 10 mg ml−1. This leads to the explanation that the
structural changes are due to the agglomeration of enzymes adsorbed in a high quantity
in the PAA brushes.
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10.2. Covalent Coupling of Glucose Oxidase
One prominent problem associated with physical adsorption of enzymes on carriers, is the
rather poor stability of these interactions. Leaching of the biocatalyst into the surrounding
medium causes severe problems for industrial applications. This disadvantage can be
overcome by covalent coupling of the enzyme to the carrier.131,245 Additionally, this can
lead to increased thermal and chemical stability of the enzyme, due to the formation of
multiple bonds with the support. On the downside, this renders the immobilization process
more complex, since modification steps for the support or the enzyme are necessary and
irreversible inactivation of the enzyme, by the formation of the covalent bond, has to be
averted. For the covalent coupling reaction, functional groups in the side chains of the
amino acids, as lysine(-NH2), cysteine (-SH), aspartic acid (-COOH) or tyrosine (-phenol),
are utilized.132 Among the most commonly used coupling reactions because of its high
efficiency, is the formation of amide bonds via carbodiimide chemistry, thereby coupling
amino groups of the enzyme to carboxylic groups of the carrier, or vice versa.254
10.2.1. PAA brushes
In PAA brushes the existing carboxylic side groups of the polymer chains can be ex-
ploited for the covalent coupling. We used N-(3-Dimethylaminopropyl)-N’-ethylcarbo-
diimide(EDC)/N-Hydroxysuccinimide(NHS)-Activation to bind GOx to PAA Guiselin
brushes, via reaction of amine groups on the surface of the enzyme to the carboxylic
groups (Figure 10.4).
Figure 10.4.: Reaction scheme of the coupling of GOx to PAA via EDC/NHS activation
The course of experiments was the following: (I) rinsing with sodium phosphate buffer
113
Meike Ko¨nig - Functional Coatings Chapter 10. Enzymes in Polymer Brushes
solution (c(Na+)=0.01 M) at pH 7.4, (II) rinsing with buffer solution at pH 6, (III) rinsing
with a solution of EDC and NHS in pH 6, (IV) reaction with a solution of GOx in pH 6
under stagnant conditions, interrupted by short rinsing steps to allow fresh enzyme solution
to enter the measurement cell, (V) rinsing with buffer solution at pH 6, (VI) rinsing with
buffer solution at pH 7.4, (VII) rinsing with buffer solution at pH 6. EDC reacts with
the carboxylate groups of PAA to form a reactive ester intermediate, which is stabilized
by reaction with NHS to a succinimidyl-ester intermediate. In the following step, the
primary amine groups of the enzyme form a stable amide bond through nucleophilic attack
of the ester carbonyl group. To remove side-products and unbound enzyme, the sample
was rinsed with buffer solution. Since the study of physical adsorption of GOx to PAA
brushes showed that no unspecific adsorption occurs at pH 6, this pH value was chosen for
the coupling reaction.
Figure 10.5.: Comparison of the change in areal mass determined from QCM-D and SE
during the covalent immobilization of GOx in PAA brushes, (I) pH 7.4, (II)
pH 6, (III) EDC/NHS in pH 6, (IV) GOx in pH 6, (V) pH 6, (VI) pH 7.4, (VII)
pH 6; data is shown in reference to the minimum value at around 40 min
To follow the process insitu, combinatorial QCM-D/SE measurements were conducted.
For quantitative evaluation, data was modeled by a Voigt-Voinova approach (QCM-D) and
an EMA approach together with a modified De-Feijter approach for SE data. Figure 10.5
displays best-match modeling results for the change in areal mass, detected by the two
techniques. For comparison with QCM-D data, which displays only the relative change
in mass of molecules adsorbing and reacting to the polymer layer, the SE curve displays
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the combined mass of buffer and enzyme molecules in the layer without the polymer
mass. Data is shown in reference to the minimum value at around 40 min. The dotted
lines indicate the times of switching valves or, in the case of the shorter lines in step IV,
switching the peristaltic pump on and off.
A loss of mass is detected in the transition from step I to step II. Here, lowering of the pH
causes protonation of carboxylate groups, accompanied by the loss of water molecules and
counter ions. Upon addition of EDC/NHS (step III), the negatively charged carboxylic
groups react with the neutral linker, which causes further deswelling, again detected as a
loss of mass. QCM-D raw data was referenced to this step, since here dissipation values
were the lowest. For comparison, to SE modeled data an offset at this point of measurement
was applied as well – here a remaining areal mass of ∼ 7 mg m−2 of buffer and a thickness
of ∼10 nm was calculated, indicating that the polymer layer is not completely collapsed.
The addition of enzyme solution in step IV leads to two simultaneous reactions, which
are both accompanied by an increase in areal mass: on the one hand, GOx molecules
adsorb to, and subsequently react with the activated polymer layer. On the other hand,
hydrolysis of the succinimidyl-ester occurs, followed by re-charging and penetration of
solvent molecules into the polymer layer. This step was done under overall non-flowing
conditions, to increase the contact time of the enzyme with the activated polymer layer
allowing the coupling reaction to take place. While the pump is still running during
the initial 10 min of introduction of GOx, an overshoot of ΓSE is detected (reflected also
in the Psi and Delta values see appendix) followed by a slower decrease, which is only
stopped by switching the pump off. In the values of ΓQCM and in QCM-D raw data,
this trend is not detected, while the viscosity and shear modulus (see appendix) display
a similar overshoot behavior, with an even longer recovery time. Intermittent rinsing
with enzyme solution does not cause this overshooting again, indicating that it is caused
by initial rearrangement of polymer chains and the electrical double-layer. However, the
introduction of fresh enzyme solution into the cell leads to a slightly increased adsorption
rate, since the depleted volume over the sample surface is renewed. After approximately
5 h, the reaction was aborted, as the rate of adsorption almost reaches zero. Rinsing with
buffer solution at pH 6 (step V), does not change the areal mass, indicating that no loosely
attached enzymes are present on the surface. To remove physically adsorbed GOx, the
sample was rinsed with buffer solution at pH 7.4 (step VI). At first, a rapid increase in mass
is detected, caused by swelling of the PAA layer, followed by a slower decrease, indicating
the removal of some GOx molecules or slow release of counter ions or buffer molecules
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from the layer. The last rinsing step with buffer solution at pH 6 (step VII), causes again
the partial de-swelling of the polymer layer. Interestingly, the areal mass detected by
QCM-D after chemical coupling of GOx is less, compared to the original value of the
PAA brush swollen in buffer solution at pH 6. Contrary to this, in SE modeled data, an
overall increase of ∼ 11 mg m−2 by the incorporation of solvated enzyme is detected. This
contradictory behavior is also mirrored in the raw data (see appendix). One explanation
would be a decrease in the amount of water acoustically coupled to the polymer layer,
which is not detected by SE: interaction with the enzyme leads to a decreased interaction
of the polymer layer with the ambient, caused by partial neutralization of charges and
polar groups. Another explanation concerns the contribution of dangling polymer chains
to the adsorption behavior: dangling polymer chains are not included in the optical box
of the swollen polymer layer used to model SE data, due to less optical contrast to the
ambient. Together with coupled counter ions and buffer molecules, though, these chains
are included in the layer sensed by QCM-D, forming part of the data-offset. When the
enzyme couples to the polymer layer, these dangling chains will preferentially take part in
the reaction. Due to the incorporation of enzyme, the refractive index of this outer part
of the polymer layer increases and contributes to the SE signal. That way, SE sees an
increase in adsorbed buffer molecules, which are already included in the mass detected by
QCM-D. To further elucidate the reason for the difference in SE and QCM-D modeled
data, experiments should be done with end-grafted PAA brushes, where the effect of
dangling polymer chains is minimized, due to a lower polydispersity.
Figure 10.6 displays the change in the amount of GOx, modeled from SE data using the
refractive index for dry protein and a modified De-Feijter approach. Upon introduction of
enzyme in step IV, a continuous increase of GOx can be seen. This increase is considerably
slower than the increase of ΓSE , again pointing to the fact that the overshoot detected in
ΓSE is caused by a change in buffer molecules included in the optical box model. During
rinsing with buffer of pH 6 and pH 7.4 (steps V + VI), no change in ΓGOx is suggested
by the model. By changing the pH of the ambient solution back to pH 6 (step VII) an
unexpected, step-like release of enzyme is observed. Together with the slow decrease in
ΓSE , detected upon rinsing with buffer at pH 7.4, this points to the explanation that by
increasing the pH in step VI, the charge of the polymer and the adsorbed enzyme changes,
concomitant with re-arrangement of the non-covalent bonds between enzyme and polymer
and slow release of buffer molecules and counter ions from the layer, but no complete
rupture of hydrogen or other physical bonds. Upon decrease of the pH in step VII and
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deswelling of the polymer chains, the now more loosely adsorbed enzyme molecules desorb
at once. Overall, a final amount of ∼ 3 mg m−2 GOx is calculated to be immobilized in
the PAA brush layer.
Figure 10.6.: Change in ΓGOx during covalent coupling to PAA brushes determined from
SE measurements
Both the viscosity and the shear modulus (see appendix) display the expected behavior
during the process of covalent coupling of GOx to PAA, at first: as the polymer layer
deswells (steps I - III), the viscoelasticity decreases as well, after a small overshoot, since
the layer becomes more rigid. Upon incorporation of enzyme, the viscoelasticity increases
again. Contrary to steps I + II, upon increasing the pH in step VI, the viscoelasticity
decreases, although the change in areal mass suggests swelling of the polymer layer. When
the pH is lowered again in step VII, no full recovery of the values of step V is detected,
indicating that the decrease in viscoelasticity is caused by an irreversible process. Com-
paring the polymer brush surface swollen in pH 6 with and without immobilized enzyme,
an overall increase of viscoelasticity is detected.
To gain further insight into the chemical reactions occurring on the surface, ATR-FTIR
spectra were recorded insitu during this process. Figure 10.7 displays measurements at the
end of each step of the coupling process. In the range of 1500 to 1900 cm−1 characteristic
vibrational bands of the carbonyl group can be found. The PAA brush layer shows two
vibrational bands in this region: the peak at 1550 cm−1 is assigned to carboxylate groups,
while the peak at 1720 cm−1 is caused by the protonated carboxylic acid. The intensity
ratio of those signals depends on the degree of protonation of the polyelectrolyte, and
as a result, the intensity ratio also depends on the pH of the solution and concentration
of counter ions (step I+II).58 Upon activation with EDC/NHS (step III), two additional
bands appear at 1760 and 1800 cm−1. These can be assigned to the vibrations of the car-
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Figure 10.7.: Insitu ATR-FTIR spectra of covalent coupling of GOx to PAA brushes, (I)
pH 7.4, (II) pH 6, (III) EDC/NHS in pH 6, (IV) GOx in pH 6, (V) pH 6, (VI)
pH 7.4; curves were shifted along the vertical axis for better display
bonyl groups in the succinimidyl ring.255 At the same time, the intensity of the carboxylate
vibrational band decreases, due to the reaction of these groups with EDC/NHS. After the
coupling of GOx (step IV), the succinimidyl vibrations vanish. A signal at 1650 cm−1,
along with the increase of the signal at 1550 cm−1, indicates the presence of amide bonds
and proves the immobilization of enzyme on the surface. Rinsing with buffer at pH 6 (step
V) does not change the spectrum. Upon rinsing with buffer at pH 7.4 (step VI), similar
changes can be detected as for the unloaded PAA brush: the signal at 1720 cm−1 decreases
while the signal at 1550 cm−1 increases, showing a higher intensity then before the immo-
bilization of enzyme, due to the overlap with the amide II bond. The amide I vibration at
1650 cm−1 decreases slightly, showing the removal of some physically adsorbed enzyme.
To ensure that the active side of the enzyme covalently bound to the PAA brush,
is not affected by the immobilization, the activity was tested by a colorimetric assay.
Figure 10.8 depicts the specific activity of GOx covalently coupled to PAA brushes, in
comparison with the activity of the enzyme in solution and physically adsorbed to PAA
brushes, as measured in section 10.1. The immobilized enzyme shows satisfying activity,
although the specific activity is about four times less than in solution. Interestingly,
the covalently bound enzyme is less inhibited than the small amount (∼ 0.7 mg m−2)
of physically adsorbed enzyme. The probability for the covalent, irreversible reaction is
higher at the surface of the brush layer, apparently resulting in the enzyme to be better
accessible for the reactants. Another explanation could be the formation of multiple bonds
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Figure 10.8.: Comparison of the activity of GOx in solution, covalently coupled to PAA
brushes and physically adsorbed to PAA brushes
to the polymer chains, thereby stabilizing a more active conformation than achieved by
physical adsorption. Here, ATR-FTIR spectra could provide further inside, however, the
adsorbed and coupled amount is not enough for quantitative evaluation of the amide I
band.
Figure 10.9.: Comparison of the pH responsive behavior of PAA before and after immo-
bilization of GOx; the plot displays the difference between the areal mass at
pH 7.4 and at pH 6.
For possible future applications, the pH responsive behavior of PAA brushes with im-
mobilized GOx molecules is of importance. Therefore, the difference ∆Γ in between pH 7.4
and pH 6 was calculated. Figure 10.9 compares ∆Γ before and after the immobilization of
enzyme as detected by the two techniques QCM-D and SE. A slight decrease of ∼ 10 %
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of the original value after the immobilization of GOx was noticed. This can be related to
some of the carboxyl groups being involved in the covalent bond to the enzymes and not
free for protonation anymore. Comparing both characterization techniques, the degree of
switching is always slightly higher detected by QCM-D as by SE, since QCM-D is more
sensitive to solvent molecules acoustically coupled to the polymer layer and the diluted
outer region of the brush.
10.3. Summary
In this work, the immobilization of the model enzyme GOx on polymer brushes was
investigated. The pH-dependent physical adsorption via ionic interactions was studied,
comparing the two polyelectrolyte brushes P2VP and PAA. A very distinct adsorption
behavior was found: in general a high quantity adsorbs on PAA brushes, with a maximum
at pH 5. At high pH values, no adsorption can be found due to electrostatic repulsion.
On P2VP less enzyme adsorbs, continuously decreasing with increasing pH. Studies of the
activity of the enzyme, on the contrary, reveal a very low activity on PAA compared to the
free enzyme in solution. On P2VP the activity at pH 4 is comparable to the free enzyme,
but decreasing with increasing pH. Amid I analysis of ATR-FTIR spectra revealed that this
difference in activity is due to a change in β-sheet content, probably due to agglomeration
of enzymes, upon adsorption to PAA. Further ATR-FTIR investigations at different pH
values should investigate also the conformation of the enzyme on P2VP with increasing
pH.
Detailed analysis of the covalent coupling of GOx to PAA brushes via carbodiimide
chemistry was done insitu by combinatorial QCM-D/SE measurements. Reaction with
EDC/NHS causes the polymer layer to collapse, due to neutralization of charges. The
following reaction with the solution of the enzyme in buffer at pH 6, leads to re-swelling
and incorporation of enzyme in the polymer brush. A final amount of ∼ 3 mg m−2 is
calculated to be covalently coupled to PAA. These results were confirmed by ATR-FTIR
measurements. The enzyme is coupled to the polymer brush in an active state, although
the activity is considerably reduced compared to the free enzyme. Comparing the two
immobilization techniques, though, the covalently coupled enzyme is less affected than
the physically adsorbed enzyme. The pH responsiveness of the polymer brush was only
slightly influenced by the coupling of the enzyme.
For future applications, increasing the amount of coupled enzyme is desired. This
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could be done by conducting the coupling reaction at pH 5, where more enzyme physically
adsorbs, increasing the probability for the coupling reaction, or at higher pH values above
pH 7, where the coupling reaction is faster than at pH 6. Another point of interest is the
pH-dependent activity of the coupled enzyme in comparison to the physically adsorbed
enzyme.
Preliminary experiments were already done on the covalent coupling of GOx to mixed
PAA-PNIPAAm brushes, exhibiting additional temperature responsiveness. Because of
the low amount and absolute activity of the enzyme on these surfaces, the temperature-
dependent activity could not be studied. Here, an influence of the collapsing PNIPAAm
chains on the mass transport to the immobilized enzyme is expected. This will be the
subject of future studies.
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10.4. Experimental Details
Brush Preparation
P2VP and PAA brushes were grafted on silicon wafers or silica coated quartz crystals
according to the method described in chapter 7.
Insitu measurements
Ellipsometry
insitu SE measurements of the physical adsorption of GOx were performed within a batch
cuvette (TSL Spectrosil, Hellma, Muellheim, Germany).155 At first, a polymer brush
sample prepared on a silicon wafer, was swollen in 3 ml of buffer solution at the de-
sired pH. 0.01 M sodium acetate buffer (NaC2H3O2, Sigma Aldrich, Germany) was used
in the range of pH 4 to pH 6, while 0.01 M sodium phosphate buffer(NaH2PO4·2H2O,
Na2HPO4·2H2O, Sigma Aldrich, Germany) was used in the range of pH 6 to pH 7. Then,
0.5 ml of GOx (Glucose Oxidase from Aspergillus niger, G6125, Sigma Aldrich, Germany)
solution (1.75 mg ml−1 in the respective buffer solution) was added, in order to reach a
final concentration of 0.25 mg ml−1. After a plateau value of the adsorption was reached,
the liquid was pulled out of the batch cell, until only a small film was left on the wafer,
and the sample was rinsed three times with 1 ml of buffer solution. In this time interval,
no SE measurement was recorded. Finally, the cell was filled with 3 ml of buffer solution
and incubated until the desorption plateau was reached. Control wafers were treated the
same way in separate compartments outside the cell; these samples were used for control
activity measurements.
Combinatorial QCM-D/SE
For these experiments, PAA brushes were prepared on QCM-D sensors. The combinatorial
QCM-D/SE setup consists of an E1 QCM-D module, mounted onto the sample stage of an
alpha-SE spectroscopic ellipsometer with a fixed AOI of 65◦. Accidentally, measurements
were done at an AOI of 70◦, resulting in an actual AOI of 68.8◦. This was taken into
account, by initial fitting for an angle offset in the insitu model. A flow rate of 0.1 ml min−1
was used for the exchange of liquid in the cell. Experiments were done in 0.01 M sodium
phosphate buffer solution at 22 ◦C. The sample was first rinsed in pH 7.4 and in pH 6
buffer solution, before a solution of 0.01 M EDC (Sigma Aldrich, Germany) and 0.025 M
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NHS (Sigma Aldrich, Germany) in pH 6 was introduced. For reaction with the enzyme, a
solution of 1 mg ml−1 GOx in pH 6 buffer was applied. Desorption of non-covalently bound
enzyme was done by rinsing steps with pH 6, pH 7.4 and again pH 6 buffer solution.
ATR-FTIR
For ATR-FTIR measurements, polymer brushes were prepared on a silicon ATR crys-
tal. After spin-coating of the polymer brush layer, one half of the surface was wiped
with the corresponding solvent, in order to get a reference surface without the polymer
brush. A flow rate of 0.2 ml min−1 was applied for these measurements. For the covalent
coupling procedure the course of experiments was essentially the same as for the QCM-
D/SE measurement. For the physical adsorption, first measurements of the polymer brush
swollen in buffer at pH 4 were conducted. Then GOx was introduced as a 0.25 mg ml−1
solution in pH 4. Finally, the sample was rinsed again with acetate buffer. Evaluation
of the secondary structure sensitive Amide I band was done by the method described in
section 6.3.1.177–179 Quantitative separation of the overlapped components was done by
curve fitting with a Gaussion/Lorentzian (50:50) lineshape according to the least-square
condition. Free parameters were the center wavenumber, the half width at half height and
the peak area.
Measurement of enzyme activity
To evaluate the catalytic activity, the PeroxiDetectTM Kit (Sigma Aldrich, Germany)
was used. Samples were immersed in 3.5 ml of 1 mg ml−1 glucose solution in phosphate
buffer at pH 6. The concentration of the reaction product H2O2 was measured after 15
min reaction time by use of the colorimetric assay. In this assay H2O2 converts Fe
2+
to Fe3+ under acidic conditions. Fe3+ ions then form a colored adduct with xylenol
orange. The adsorption of the colored adduct is detected by UVvis at 560 nm. The same
procedure was applied to measure the activity of the enzyme in solution. For comparison
of different samples, the specific activity was calculated, where the amount of produced
H2O2 is divided by the amount of enzyme present in the activity test.
Ellipsometry modeling
Silicon substrates were modeled with literature values for Si and SiO2.
207 For samples
on QCM-D sensors, measurements of the blank silica coated quartz sensors were pa-
rameterized by basis-spline (B-spline) functions and considered “virtual substrates” for
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further modeling.208 For insitu measurements, first a two-parameter Cauchy dispersion
model was used to determine both the combined refractive index and thickness, before
(nPolymer, hPolymer) and after (ncomb, hcomb) the incorporation of GOx. Then the volume
fractions of the polymer fPolymer and the enzyme fGOx were determined by a two- and
three-component Bruggemann-EMA model, respectively, using fixed values of thickness as
determined from the Cauchy modeling. Here, for the polymer the fixed index of refrac-
tion of the dry polymers and for the enzyme the refractive index of HSA was used with
n(631.5)=1.578.256 To determine fGOx, fPolymer of the three component EMA was fixed
according to the ratio of thicknesses:
fPolymer,3C = fPolymer,2C
hPolymer
hcomb
(10.1)
For the optical properties of the ambient the refractive index n(λ) was measured with a
digital multiple wavelength refractometer (DSR-lambda, Schmidt+Haensch GmbH& Co.)
at eight different wavelengths from 435.8 nm to 706.5 nm.
Evaluation of amount of enzyme
The amount of enzyme incorporated into the polymer brush layer ΓGOx was calculated
according to a modified De-Feijter approach, as described by E. Bittrich.63,257 In this
approach, the amount of polymer is subtracted from the combined amount of Polymer
and Enzyme, as determined from the De-Feijter equation:
ΓGOx = Γcomb − ΓPolymer (10.2)
with (10.3)
ΓPolymer = dPolymer
(nPolymer − namb)(
dn
dc
)
Polymer
(10.4)
Γcomb = dcomb
(ncomb − namb)(
dn
dc
)
comb
− ΓPolymer (10.5)
where the refractive index increment of the combined layer
(
dn
dc
)
comb
is calculated ac-
cording to the volume fractions of the components:
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(
dn
dc
)
comb
=
(
fGOx
(
dn
dc
)
GOx
+ fPolymer
(
dn
dc
)
Polymer
)
(fGOx + fPolymer)
(10.6)
Material
(
dn
dc
)[
cm3g−1
]
GOx258 0.177
P2VP259 0.254
PAA63 0.133
Table 10.2.: Used values of the refractive index increment for GOx, P2VP and PAA.
The values of the respective refractive index increment can be found in table 10.2. For
GOx and P2VP, literature values of the refractive index increment were used. The value
for PAA was determined by E. Bittrich from refractometer measurements of PAA solutions
with different concentrations at λ = 589nm for pH 4.
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11. Polymer Brushes on Sculptured Thin
Films
Nanostructured thin films possess intriguing mechanical, magnetic and/or optical proper-
ties that differ substantially from their corresponding bulk materials and offer promising
possibilities for applications in sensor technology, electronics or engineering.142,143,260,261
So-called “Sculptured Thin Films” (STFs) fabricated from a broad variety of different
materials, and with variable architectures can be created by Glancing Angle Deposition
(GLAD).144–147,150 Here, electron-beam evaporation at an oblique angle produces nanos-
tructured morphologies, e.g. slanted or straight columns, helices or chevrons, by an atomic
shadowing effect. Additionally, the surface of these structures can be modified to add fur-
ther functionality.262–264
In a collaboratorial project together with the University of Nebraska-Lincoln (UNL), re-
sponsive polymer brushes were combined with STFs to create novel nanohybrid interfaces.
First experiments were conducted together with the PhD-student Tadas Kasputis at the
IPF in Dresden and the results form part of his thesis. Mono PAA Guiselin Brushes were
grafted to silicon-STFs with slanted columnar morphology of various slanting angles, and
the preparation was characterized by generalized ellipsometry (GE) in the dry state. This
analysis found that the nanostructures survive the process of polymer brush preparation,
but optical modeling suggested a permanent increase of the slanting angle, induced by
the incorporation of polymer in the nanostructures. The amount of polymer incorporated
increased with decreasing slanting angle, ranging from 20 -30 vol-% by varying the slant-
ing angle between 66 - 71◦. The variation between duplicate samples was found to vary by
±5 vol-%. The project was continued during a stay in Lincoln in the lab group of Prof.
Mathias Schubert at the UNL in the Department of Electrical Engineering.
11.1. Preparation of Polymer Brushes on STF
To verify the optical modeling, STFs were prepared on a silicon wafer, which can be char-
acterized by GE as well as by cross-sectional SEM images. The wafer was cleaved directly
before the investigation and imaged from the side, to get information about thickness and
slanting angle of the structured layer. Figure 11.1 shows the cross-sectional profile of a
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STF at three different stages of the polymer brush preparation. In the image taken of the
sample directly after deposition (Figure 11.1a), the characteristic slanted columnar mor-
phology can be observed, where individual columns can be clearly distinguished. Image
analysis gave the slanting angle as ∼60◦ and the thickness as ∼92 nm. After spin-coating
and annealing of a PAA layer, the columns appear to be immersed in the polymer (Fig-
ure 11.1b). The slanting angle increased to ∼66◦ and accordingly, the thickness decreased
to ∼63 nm. Upon extraction of excess polymer with ethanol, no major change in slanting
angle or thickness can be seen (Figure 11.1c). Individual columns can be distinguished
again, indicating the successful removal of polymer not covalently bound to the surface of
the STF. GE measurements were taken of the same sample at the same three stages of
the polymer brush preparation and modeled using a modified AB-EMA approach, which
provides access to the structural parameters and the volume fractions of the constituents
(Figure 11.2).246,264 The model comprises three layers accounting for the substrate, the
anisotropic STF layer described by the AB-EMA with the Si/SiO2 constituent (fSTF ),
an ambient fraction (fAmbient) and the polymer brush constituent (fBrush), and a third
isotropic layer described by a Cauchy dispersion, to account for possible polymer material
on top of the STF. This model assumes planar, clearly defined interfaces between the
layers, which is a highly idealized description, since especially at the interface between the
STF and the polymers on top of the columns and the ambient, a high roughness of several
nanometers due to the columnar structure is realistic. Another assumption is the unifor-
mity of the anisotropy and the thickness of the AB-EMA layer over the surface, since in
reality the single columns are of non-uniform thickness, width and slanting angle. In this
regard, the best-match model data represents an average value over the measured sample
area. Table 11.1 shows a comparison of some of the structural parameters determined by
GE and SEM. The good agreement, between SEM measurements and modeled GE data
of the STF structural parameters, indicates that the applied modeling approach offers a
close approximation of the STF parameters. GE also proves to be sensitive to the incor-
poration of polymer material in the structured layer. Best-match modeling results gave
the volume fraction of the polymer as 0.0±0.3 % for the sample as deposited, 53.8±0.3 %
after spin-coating and annealing of the polymer layer, and decreasing to 22.1±0.4 % upon
extraction of non-covalently bound polymer, here the error values represent the 90% con-
fidence intervals calculated by the fit algorithm. Thus, GE provides a non-destructive way
to characterize minute changes in the structural properties of this nanostructured mate-
rial. Using the average size of a single column, as measured from SEM images (r ∼10 nm)
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and the structural parameters from the best-match GE model, the thickness of the brush
layer on the columns can be calculated via the total surface area of the structured surface
and the grafted amount of polymer. For the sample discussed here, a total surface area of
4.4µm2 per 1µm2 sample area was estimated and a PAA amount of 15.5 mg m−2, corre-
sponding to a PAA thickness of 2.9 nm. This estimation is quite rough since the columns
are assumed to be uniform, while besides being irregular in size, also clustering of the
columns occurs, which in reality reduces the available surface area for grafting.
Figure 11.1.: SEM images of a STF before functionalization with PAA brushes (a), STF
with spin-coated and annealed PAA layer (b), and STF with polymer brushes
(c)
as deposited polymer annealed polymer brush
dBiaxial[nm] θ[
◦] dBiaxial[nm] θ[◦] dBiaxial[nm] θ[◦]
SEM 92.3± 2.1 60.4± 1.6 62.9± 2.1 66.0± 1.7 66.4± 2.4 66.6± 1.8
GE 92.15± 0.02 63.22± 0.02 62.46± 0.08 69.95± 0.04 57.47± 0.07 71.44± 0.03
Table 11.1.: Comparison of measured STF parameters using generalized ellipsometry and
scanning electron microscopy
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Figure 11.2.: Schematic of the optical model of STF functionalized with polymer brushes
used for the evaluation of GE data
11.2. Characterization of swollen Brushes on STFs
To demonstrate the functional characteristics of this new nanocomposite material, in-
situ GE and QCM-D measurements were conducted simultaneously, investigating stimuli-
induced polymer brush swelling/deswelling (depicted in Figure 11.3). STFs were fabricated
on QCM-D sensors and subsequently functionalized with polymer brushes.
Figure 11.3.: Hypothesized schematic of brush deswelling and swelling within STFs
11.2.1. PAA brushes
Stimuli-responsive PAA swelling and collapsing phenomena were triggered by chang-
ing the pH of buffered acetate solutions. At pH values above the IEP of the polymer
(IEPPAA=2.1
20), brushes constitute a swollen state and deswell as the pH approaches
the IEP. QCM-D measurements were taken continuously, approximately every second,
while GE measurements were taken after changing the pH of the rinsing solution, when
the QCM-D-signal had reached its plateau value. The raw GE data demonstrated that
GE is capable of differentiating between the swollen and deswollen polymer brush states
130
11.2. Characterization of swollen Brushes on STFs Meike Ko¨nig - Functional Coatings
in a liquid environment, as evidenced by the reversible differences in individual Mueller
matrix elements between pH regions (see appendix). Elements M22 and M24 are not
sensitive to the reversible polymer brush swelling, while M12 and M34 show completely
reversible switching. The remaining elements, M13, M14, M23, and M33, demonstrated
stimuli-responsive switching with varying degrees of drift between switching cycles.
The absolute change of the matrix elements is very small compared to the change upon
polymer brush preparation. Due to the columnar structure of the STFs, the dielectric
displacement under the influence of an electric field (upon exposure to light and depend-
ing on its polarization vector) is larger along the columnar axis than perpendicular to
the columnar axis. This strong difference in displacement is the cause for a very strong
birefringence and effective dichroism within the STFs. If organic substances are brought
into the vicinity of the columns, the dielectric displacement perpendicular to the columns
is further reduced and much more so than the polarizability parallel to the columns, which
results in a significant change of the effective birefringence. The minute changes in the
birefringence during the swelling-deswelling studies indicate that while most of the poly-
mer swells, the majority of polymer remains within the inter-columnar space of the STF.
However, some polymer brushes are extending outside of the STF. The swelling behavior
only causes minute birefringence changes since the birefringence of the STF with organic
inclusions (i.e. polymer brushes) is mainly influenced by the fraction of inclusions. In con-
trast, the QCM-D is expected to detect large changes in adsorbed mass and viscoelasticity
of the polymer brush layer upon stimuli-responsive swelling and deswelling due to water
and counter ions coupled to the structured surface.
As a reference, insitu measurements on bare STFs before brush preparation were recorded
in buffer solution. No change in the optical response could be detected upon changes in the
pH. However, immediately upon immersion in the solution the slanting angle increased by
almost ten degrees, probably due to water adhesion forces, staying constant also after dry-
ing. The depolarization factors determined in these measurements were used as constant
values to model insitu measurements with brush coated STFs. All other model parame-
ters were modeled for the first insitu measurement. In all insitu measurements with and
without brushes, the thickness of the AB-EMA layer and the volume fractions changed to
geometrically impossible values, compared to the change in slanting angle, probably due to
a coupling of the depolarization factors with these parameters. Therefore, the comparison
of the absolute values of the model parameters between different samples and different
measurements is difficult. Nevertheless, the further changes in the optical response could
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Figure 11.4.: Best-match model parameters of GE measurements of pH induced swelling
and deswelling of PAA brushes on a STF. Area I: rinsing with pH 3.7, area II:
rinsing with pH 7.3
be sufficiently described by changes in fBrush and dTop, keeping all other model param-
eters constant. Thus, the comparison of the fitted parameters at different times of the
insitu measurements is possible. Figure 11.4 shows modeled GE Data for 3 consecutive
pH switching cycles, the error values represent the 90% confidence intervals calculated by
the fit algorithm. The numbered areas indicate the times of rinsing with different pH:
(I)pH 3.7, (II)pH 7.3. The results match the expected behavior of the polymer brushes: at
pH 3.7, PAA is only partly swollen. In contrast to the dry state, some organic material is
detected on top of the STF as a non-zero value. Because this layer is fitted with constant
parameters of the dispersion function for the refractive index, using the values of a dry
polymer layer, the thickness is underestimated by the model, since the effective refractive
index decreases upon the incorporation of water in the swelling polymer layer. Due to the
high roughness of the surface, determination of the real thickness by simultaneous fitting
of the refractive index was not possible. By increasing the pH, a higher fraction of the
polymer chains swell out of the inter-columnar space, leading to an increase in dTop and
a decrease in fBrush. A slight drift over the fitted values suggests that for each subse-
quent cycle, slightly more polymer swells out of the columns and remains on top of the
columns after brush deswelling. Nevertheless, rotation scans in dry state conducted after
these insitu experiments, reveal that upon drying all polymer chains collapse back to the
inter-columnar space.
Figure 11.5 shows modeling results of QCM-D data fitted with a Voigt-Voinova-approach
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Figure 11.5.: Best-match model parameters of QCM-D measurements of pH induced
swelling and deswelling of PAA brushes on STF. Area I: rinsing with pH 3.7,
area II: rinsing with pH 7.3
for viscoelastic layers. Upon changing the pH of the surrounding solution, both frequency
and dissipation showed large reversible changes (see appendix). After an initial baseline
was reached in buffer solution at pH 3.7, buffer solution with pH 7.3 was introduced, caus-
ing the PAA brush layer to swell. Due to a higher degree of dissociation of the carboxylic
groups along the polymer chains, counter ions and solvent molecules are incorporated in
the polymer layer, which is sensed as an increase in the areal mass. Additionally, the
amount of acoustically coupled water and ions increases, interacting with the charged
polymer layer via coulomb interactions. At the same time the viscosity increases. Chang-
ing the pH back to the original value, resulted in recovering of the former stage, showing
only a slight drift. Upon switching to pH 3.7, the plateau value is reached faster than upon
switching to pH 7.3. This is attributed to the higher buffer capacity of the acetate buffer
at pH 3.7 than at pH 7.3. The increase in areal mass upon swelling on the nanostructures
is about the same as for PAA on flat silicon wafers. Since the grafted amount is about
twice as high on the nanostructured surface, this indicates that the number of grafting
points per chains is higher than on the flat surface, resulting in a reduced swelling ratio
per chain.
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11.2.2. PNIPAAm brushes
Figure 11.6.: Best-match modeling results of GE measurements of temperature induced
swelling and deswelling of PNIPAAm brushes on STF
PNIPAAm brushes were prepared on STFs in a similar manner as PAA brushes. Mod-
eling results of dry GE rotation scans showed a brush volume fraction of fBrush =
28.12±0.17 % and a top-layer thickness of 2.6±0.1 nm after extraction of excess polymer.
A total surface area of 2.5µm2 of the nanostructures per 1µm2 sample area was estimated
and a PNIPAAm amount of 11.5 mg m−2, corresponding to a PNIPAAm thickness of 4 nm
and a grafting density of 0.05nm−2. To investigate the stimuli-behavior of the polymer
brush layer, combinatorial QCM-D/GE experiments were conducted. As described in
chapter 8, PNIPAAm is a temperature-responsive polymer with a phase transition tem-
perature at Tc ∼32 ◦C in pure water.
Figure 11.6 depicts best-match modeling results of GE measurements in DI water in one
temperature cycle between 20 ◦C and 38 ◦C, the error values represent the 90% confidence
intervals calculated by the fit algorithm. Measurements were conducted at stagnant con-
ditions. Only modeling results of measurements taken after QCM-D data had reached its
plateau value are shown. The changes in the optical response can be described by changes
in fBrush and dTop. As the temperature increases the polymer gradually deswells, which
is detected by an increase in fBrush and a decrease in dTop. Compared to measurements
on flat SiO2 surfaces, the phase transition of PNIPAAm brushes on the structured surface
is less sharp, probably due to the lower grafting density on the columns. Upon decreasing
the temperature again, the reversed behavior can be seen and the polymer chains collapse
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back into the inter-columnar space. For several heating-cooling cycles, optical modeling
suggests a drift over time with decreasing values both in fBrush and dTop, as if polymer
was detached from the STF surface. Rotation scans in dry state conducted after these
insitu experiments, result in the same modeled amount of polymer material, though.
Figure 11.7.: Best-match model parameters of QCM-D measurements of temperature in-
duced swelling and deswelling of PNIPAAm brushes on STFs. Top: change
in areal mass, Bottom: change in viscosity
In Figure 11.7 modeling results of QCM-D data fitted with a Voigt-Voinova-approach for
viscoelastic layers are shown. Upon deswelling of the PNIPAAm chains, solvent molecules
are expelled from the acoustically coupled layer and the film becomes more rigid resulting
in a decrease in areal mass and viscosity. Upon re-heating of the sample, a slight hysteresis
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is detected, due to inter- and intra-chain hydrogen bonds. Compared to PNIPAAm brush
swelling on flat SiO2 surfaces (see chapter 8), the phase transition is less pronounced and
the signal change is much less, due to the lower grafting density on the structured surface.
Nevertheless, these experiments prove that PNIPAAm brushes can be prepared on STFs
with temperature-responsive properties.
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11.3. Protein Adsorption on Brushes on STF
As a proof-of-concept study for future biological applications, the adsorption of the model-
protein bovine serum albumin (BSA) to polymer brushes prepared on STFs was studied.
Experiments were done in 0.01 M sodium phosphate buffer solution. The course of experi-
ments was the following: (I) Swelling of the polymer in pH 5 buffer solution, (II) Adsorption
of BSA (0.25 mg/ml in pH 5 buffer), (III) Rinse with pH 5 buffer solution, (IV) Rinse with
pH 7.4 buffer solution, (V) Rinse with pH 5 buffer solution. Combinatorial QCM-D and
GE measurements were conducted to follow the process insitu.
11.3.1. Protein Adsorption to PAA Brushes on STF
BSA was found to adsorb on PAA Guiselin brushes on flat surfaces, both under electro-
static attractive and repulsive conditions.138 In this study, adsorption under electrostatic
attractive conditions at pH 5 was studied, since a higher driving force for the proteins to
diffuse into the polymer layer inside the inter-columnar space is to be expected.
Figure 11.8.: Best-match model parameters of GE measurements of the adsorption of BSA
on PAA brushes on STF, (I) pH 5, (II) BSA adsorption, (III) pH 5, (IV)
pH 7.4, (V) pH 5
Figure 11.8 depicts best-match modeling results of GE measurements taken during the
adsorption process of BSA to PAA brushes on STFs. The changes in GE data can be
described by changes in the volume fraction of an organic component forganic and the
top-layer thickness dTop. The top-layer is again fitted with constant parameters of the
dispersion function for the refractive index, using the values of a dry polymer layer, thus
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ignoring the swelling of the polymer and the change in refractive index due to the adsorp-
tion of proteins. The real thickness of this layer is expected to be several times larger.
Upon introduction of BSA to the measurement cell, a fast and pronounced increase of
dTop from 5 nm to 22 nm is suggested by the optical modeling, while forganic first increases
slightly from 33 % to 36 % followed by a slow decrease. Apparently, almost all protein
is adsorbed in the polymer layer on top of the STF, with only a small percentage of
adsorption to the polymer inside the inter-columnar space. A reason could be a steri-
cal hindrance presented by the swollen polymer layer blocking the space in between the
columns. Upon changing of the solution to pH 5 buffer solution without protein again,
almost no change in forganic and dTop is detected, proving the high retention capabilities
of the PAA-STF-system. By changing the pH of the buffer solution to pH 7.4, an abrupt
decrease both in forganic and dTop can be seen. In this step, the pH value is increased above
the IEP of the protein (pH(IEPBSA)=5.6
114), resulting in an overall negative charge. At
the same time, more carboxylic groups along the PAA chains get deprotonated, causing
a high electrostatic repulsion. Therefore, the protein is desorbed from the surface. On
the other hand, due to the higher swelling degree of the PAA chains, dTop is larger and
forganic smaller than compared to the original value at pH 5 before BSA adsorption. A
final rinse with pH 5 buffer solution causes PAA to deswell again, which is detected as an
increase in forganic and a decrease in dTop. Since the original values are not restored, a
small amount of remaining BSA molecules is suggested to remain on the surface.
Figure 11.9.: Change in areal mass, modeled from QCM-D measurements of the adsorption
of BSA on PAA brushes on STF, (I) pH 5, (II) BSA adsorption, (III) pH 5,
(IV) pH 7.4, (V) pH 5
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The corresponding change in areal mass, modeled from QCM-D data, is shown in Fig-
ure 11.9. Since the change in dissipation is small compared to the change in frequency, a
Sauerbrey-approach could be used to describe the detected frequency change. With the in-
troduction of BSA, a fast increase in areal mass up to ∼ 38 mg/m2 is observed, decreasing
only slightly during the rinsing with pure pH 5 buffer solution. Upon rinsing with pH 7.4
buffer solution, at first an increase in areal mass is detected, due to the deprotonation and
swelling of PAA chains. This is rapidly followed by a fast decrease in areal mass, caused by
desorption of BSA molecules under now repulsive electrostatic conditions. At this point of
the experiment, the Sauerbrey-Approach has to be regarded with caution, since the change
in frequency and therefore also the change in areal mass, becomes overtone-dependent, due
to the more viscoelastic properties of the film. Viscoelastic modeling of this process can
be found in the appendix. After rinsing with pH 5 buffer solution, the frequency becomes
overtone-independent again, and the areal mass decreases to ∼ 4 mg/m2. Apparently, a
small amount of BSA remains on the surface and cannot be washed off by raising the pH.
This had also been observed in experiments on flat surfaces. Compared to those experi-
ments with BSA adsorption on planar SiO2 surfaces, about the same adsorbed amount of
BSA at pH 5 is observed on the STF. This supports the findings of GE optical modeling
that adsorption of protein only takes place in the top-layer above the STF and not in the
inter-columnar space. A reason for this might be the high slanting angle of ∼ 75− 80◦ of
the STFs used for these specific experiments, which had increased after fabrication already
upon the first bare insitu experiments by ∼ 15◦.
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11.3.2. Protein Adsorption to PNIPAAm on STF
PNIPAAm brushes on planar surfaces had been found to be resistant to protein adsorp-
tion.80 Therefore, the aim was to create non-fouling structured surfaces by grafting PNI-
PAAm chains to Si-STFs. Figure 11.10 depicts best-match modeling results of GE mea-
surements taken during the adsorption process of BSA to PNIPAAm brushes on STF. As
proposed, the change in GE data upon BSA adsorption is much less than in the adsorption
to PAA brushes on STF. Upon introduction of BSA, dTop increases only by 2.5 nm. The
change in forganic of ∼ 3% is about the same as observed with PAA brushes on STF,
indicating that while the uptake of BSA into the inter-columnar space is about the same
as for PAA, only a very small amount of BSA is adsorbing in the top-layer. As the pH
value of the buffer solution is increased to pH 7.4, BSA is expected to desorb from the
surface, because of the increased electrical repulsion between the now overall negatively
charged proteins. Interestingly, optical modeling suggests that while dTop stays almost
constant, only forganic decreases by ∼ 6%. This would imply that while BSA is desorbing
from the surface, at the same time re-arrangement of the polymer layer occurs, with an
increasing proportion of PNIPAAm chains swelling out of the inter-columnar space.
Figure 11.10.: Best-match model parameters of GE measurements of the adsorption of
BSA on PNIPAAm brushes on STF, (I) pH 5, (II) BSA adsorption, (III)
pH 5, (IV) pH 7.4, (V) pH 5
In QCM-D measurements, the detected change both in frequency and dissipation was
small, therefore the Sauerbrey-Approach was used again to determine the change in areal
mass. Figure 11.11 shows these modeling results. During the rinsing with a solution of
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BSA in pH 5 buffer, only ∼ 2.3 mg/m2 BSA is adsorbed to the surface. This value is
even lower than observed during the adsorption of BSA to bare Si-STFs out of a more
diluted solution of 0.01 mg/ml BSA in pH 5 buffer. Upon rinsing with solution of higher
pH, the areal mass initially increases, probably caused by the incorporation of counter
ions to the more negatively charged proteins. Thereafter, proteins desorb and the areal
mass decreases to ∼ 1.5 mg/m2. The second decrease in areal mass, upon rinsing with
pH 5 buffer solution, can be explained by the loss of counter ions of proteins that remain
on the surface.
Figure 11.11.: Change in areal mass, modeled from QCM-D measurements of the adsorp-
tion of BSA on PNIPAAm brushes on STF, (I) pH 5, (II) BSA adsorption,
(III) pH 5, (IV) pH 7.4, (V) pH 5
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11.4. Summary
Stimuli-responsive PAA and PNIPAAm brushes were prepared on STFs fabricated by
GLAD with columnar morphology. Comparative experiments with cross-sectional SEM
verified the optical modeling of the nanostructured thin films with an AB-EMA approach.
Thus, GE is established as a non-destructive characterization technique for the monitor-
ing of the functionalization of STFs with polymer brushes. To demonstrate the stimuli-
responsive characteristics of the polymer brushes, combinatorial QCM-D/SE measure-
ments were conducted in liquid environment. Changes in the areal mass, viscoelasticity
and the optical composition with varying the pH or temperature proved the grafting of
polymer chains to the STFs in a responsive manner. For future biological applications,
the adsorption of the model protein BSA to PAA and PNIPAAm brushes was studied.
The QCM-D/SE study of the adsorption process found that BSA adsorbs to PAA brushes
on STFs, although GE modeling suggests only adsorption in the top-layer above the STF
and the change in areal mass detected by QCM-D is similar to experiments with PAA on
flat surfaces. It is assumed that this is caused by the high slanting angle of the used STFs.
STFs with lower initial slanting angle and larger inter-columnar space are proposed to
show a higher uptake of proteins inside the inter-columnar space. Both QCM-D and GE
data show that PNIPAAm brushes can be used to render Si-STFs non-fouling properties.
For future experiments, the protein-resistant properties of PNIPAAm can be exploited to
create temperature-responsive protein adsorbing surfaces by combination of PNIPAAm
with protein-adsorbing polymers on the STFs.
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11.5. Experimental Details
Brush Preparation on STF
Polymer brushes were grafted to STF according to the already established method of
grafting polymer brushes to flat surfaces, described in chapter,7. Briefly, following STF
deposition, samples were cleaned with a 200 proof ethanol (Pharmco, USA) rinse and dried
with N2 gas. For cleaning and activation, samples were placed into an oxygen plasma
chamber (SPI Plasma Prep II plasma cleaner, Structure Probe, Inc., West Chester, PA,
USA) for 1 min at 100 W. Following oxygen plasma exposure, a macromolecular anchoring
layer was spin-coated onto the surface from a 0.02 wt.-% solution of PGMA in methyl-ethyl
ketone (MEK, Sigma-Aldrich, USA) and annealed in vacuum for 10 min at 110 ◦C. On this
anchoring layer the polymer brush layer was grafted in the next step. For PAA Guiselin
brushes, a 1 wt.-% solution of PAA, dissolved in 200 proof ethanol, was spin-coated onto the
surface and annealed in vacuum for 30 min at 80 ◦C. Excess PAA was extracted by stirring
the sample in 96% ethanol for 30 min at room temperature. For PNIPAAm brushes,
a 1% wt. solution of carboxy-terminated PNIPAAm (Mn=56 000 g mol−1), dissolved in
chloroform (CHCl3, Sigma-Aldrich, USA), was spin-coated onto the surface and annealed
in vacuum for 16 h at 170 ◦C. Excess PNIPAAm was extracted by stirring the sample in
200 proof ethanol for 30 min at room temperature.
Characterization
Generalized Ellipsometry
GE was conducted following every step of the polymer brush grafting process, to monitor
the integrity of the STF structural characteristics as well as the step-wise formation of the
brushes. The procedures for acquiring GE measurements of STF were similar to previously
published STF ellipsometric procedures.246,264 Spectroscopic Mueller matrix data of STFs
and STFs grafted with polymer brushes were measured in standard ambient temperature
and pressure conditions.
SEM
SEM cross-sectional analysis was performed on a STF sample evaporated onto a Si wafer
prior to, as well as following the functionalization with polymer brushes. Additionally,
SEM was performed on the same sample prior to the final extraction step to demonstrate
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the degree of infiltration of the bulk PAA polymer. STF thickness and STF column slant-
ing angles were determined from SEM images using NIH ImageJ software and quantifying
12 randomly selected areas per surface. STF dimensions measured in SEM images are
reported as mean ± standard error.
Insitu Measurements
STF used for polymer brush grafting were prepared on QCM sensors to demonstrate
functional swelling characteristics of the nanohybrid system using insitu QCM-D in com-
bination with insitu GE.
Swelling Experiments For pH dependent measurements at 20 ◦C, 0.01 M acetic acid
buffer solutions at pH 3.7 and pH 7.3 were used (sodium acetate, Sigma Aldrich, USA).
A flow rate of 0.1 ml min−1 was applied. For temperature dependent measurements in
between 20 ◦C and 38 ◦C, the ellipsometry-compatible module temperature was controlled
by the QCM-D software, and the system temperature was maintained, step-wise, at 30
min intervals. Temperature experiments were done at stagnant flow conditions.
BSA Adsorption Experiments were done in 0.01 M sodium phosphate (Sigma Aldrich,
USA) buffer solution at 20 ◦C under flowing conditions. The sample was first rinsed in
pH 5 buffer solution, then a solution of 0.25 mg ml−1 bovine serum albumin (BSA, A6003,
defatted, Sigma Aldrich, USA) in pH 5 buffer was introduced. Desorption was done in
rinsing steps with pH 5, pH 7.4 and again pH 5 buffer solution.
Ellipsometry modeling
dry state
GE was used to characterize the STF as well as the step-wise reaction of polymer brushes
to the nanostructures exsitu. Spectroscopic Mueller matrix data obtained by GE were
analyzed with WVASE32 software (Version 3.768b, J.A. Woollam Co., Inc.) using an
anisotropic Bruggeman effective medium approximation (AB-EMA) approach, which al-
lows for the determination of geometrical STF parameters as well as fractions of multiple
constituents.246,264 The optical model includes the underlying substrate (gold or silicon)
and an AB-EMA layer, which consists of a biaxial Si/SiO2 constituent (fSTF ), an ambient
void fraction (fAmbient; either air or buffer solution), and a polymer brush constituent
modeled as inclusions within the biaxial component (fBrush; n = 1.5, k = 0.01). Si optical
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constants were determined by a multisample analysis and fitted with a single Tauc-Lorentz
oscillator, then combined with 20 vol-% SiO2 in an isotropic Bruggeman-EMA, to accom-
modate for a native oxide layer of approximately 2 to 3 nm. Finally, the model comprises
a top-layer above the AB-EMA layer to account for possible polymer brush material on
top of the slanted columns (n=1.5, k=0.01).
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12. Summary and Outlook
Novel functional coatings with interesting stimuli-responsive properties, were fabricated
in this thesis, using various types of polymer brush systems. Nanoparticles or enzymes
were immobilized in these polymer layers and the influence of the polymer brushes on the
catalytic activity was investigated. By combination of polymer brushes with sculptured
thin films, novel hybrid systems with functional properties were fabricated.
Among several techniques for surface characterization used to comprehensively investi-
gate the properties of the polymer brush layer, with and without immobilized moieties, the
chief techniques employed were spectroscopic ellipsometry and quartz crystal microbalance
with dissipation monitoring, and especially the combinatorial setup of both techniques.
This combined method was developed only recently and was utilized in this work to thor-
oughly investigate the optical and mechanical properties of the polymer brushes insitu
under varying ambient conditions.
The pH-dependent swelling characteristics of poly (2-vinylpyridine) and poly (acrylic
acid) brushes were investigated, as well as the temperature-dependent swelling of poly (N-
isopropylacryl amide). The difference in water or ion content, as detected by quartz
crystal microbalance and spectroscopic ellipsometry, can be interpreted in terms of the
outer, optically thin brush layer or by the interaction of the brush layer with its liquid
environment. This was discussed in detail in experiments on the influence of added sodium
chloride on the phase transition of poly (N-isopropylacryl amide). The shift of the LCST
to lower temperatures, observed for the used brushes, is considerably larger than reports
in literature on the influence of salt on the polymer in solution or grafted on surfaces.
This finding is of special importance for the application of poly (N-isopropylacryl amide)
brushes in the field of biosensors or biotechnology. In the future, also investigations on the
effect of the gradual change of the pH value by quartz crystal microbalance/spectroscopic
ellipsometry could lead to new insights in the process of polyelectrolyte swelling.
Poly (2-vinylpyridine) brushes were used as templates for the fabrication of catalytically
active palladium and platinum nanoparticles. In this method the nanoparticles are created
directly inside the brush layer, via adsorption of a ionic precursor and subsequent reduc-
tion. X-ray photoelectron spectroscopy and attenuated total reflection - Fourier transform
infrared spectroscopy studies revealed different processes for the adsorption of Pd and
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Pt ions to the polymer. By quartz crystal microbalance/spectroscopic ellipsometry the
adsorption of metal precursors to this thin polymer layer was further investigated to gain
quantitative information about the amount of metal inside the polymer layer and changes
in brush conformation and viscoelasticity during the adsorption process. The fabricated
nanocomposite coatings exhibited excellent catalytic activity, as tested by a model reac-
tion. This method offers an easy-to-use procedure to create nanoparticle-functionalized
surfaces for manifold applications in nanotechnology, since poly (2-vinylpyridine) is known
to interact with a broad variety of metal ions.
In a similar manner, catalytic coatings with stimuli-responsive catalytic activity were
fabricated by synthesis of the nanoparticles in poly (N-isopropylacryl amide)-poly (2-vinyl-
pyridine) binary brushes with thermoresponsive properties. In these systems, the nanopar-
ticles are immobilized on the poly (2-vinylpyridine) chains, whereas no interaction to
poly (N-isopropylacryl amide) was detected by ATR-FTIR. Therefore, the nanoparticle
content can be directly controlled via the content of poly (2-vinylpyridine) in the brush
layer. The catalytic activity of the nanoparticles was found to be controllable by the phase
transition of the poly (N-isopropylacryl amide) chains, which offers new possibilities for
the development of catalytic coatings, for instance for the microreaction technology or
chemical engineering. Further tuning of the catalytic activity could be achieved in the
future by the selection of a different model reaction with reactants possessing a larger
diffusion constant or by varying the chain length of the thermoresponsive component and
the composition of the binary brush.
Both physical adsorption and a covalent coupling method were used to immobilize en-
zymes on polymer brushes. The model enzyme glucose oxidase was adsorbed to poly (acrylic
acid) and poly (2-vinylpyridine) polyelectrolyte brushes. Control of the adsorbed amount
was found by varying the pH conditions. The highest adsorbed amount was detected for
poly (acrylic acid) brushes under intermediate electrostatic repulsive conditions. A high
influence of the adsorption conditions on the catalytic activity was revealed and could
be attributed to changes in the conformation of the enzyme, investigated by Amide I-
analysis via ATR-FTIR. The covalent coupling of the enzyme to poly (acrylic acid) was
achieved via carbodiimide chemistry. This coupling process was closely tracked by quartz
crystal microbalance/spectroscopic ellipsometry and attenuated total reflection - Fourier
transform infrared spectroscopy to quantitatively investigate the incorporation of enzyme
in the brush layer, accompanied by changes in viscoelasticity. Compared to physical ad-
sorption at the same pH, a higher specific activity was found for the covalently bound
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enzyme. With these insights in the investigated immobilization methods, switchable bio-
catalytic coatings can be prepared via immobilization of the enzyme in binary brushes
either together with a thermoresponsive component or by combination of the two poly-
electrolyte brushes.
In a collaboratorial project together with the University of Nebraska-Lincoln, respon-
sive polymer brushes were combined with sculptured thin films to create novel stimuli-
responsive nanostructured interfaces. Temperature-responsive poly (N-isopropylacryl ami-
de) brushes and pH-responsive poly (acrylic acid) brushes were successfully grafted to
silicon nanostructures, ensuring both the retention of the structural features and the func-
tional characteristics of the polymers. By comparison with cross-sectional scanning elec-
tron microscope studies, it was proven that the non-destructive technique generalized
ellipsometry can be utilized to characterize the properties of the nanostructured func-
tional coating both in dry state and insitu. As a proof-of-concept study, the adsorption of
a model protein to brushes grafted on these nanostructures was investigated. Here it was
shown, that poly (N-isopropylacryl amide) can be used to create protein-repellent, non-
fouling nanostructures. On poly (acrylic acid) immobilized on highly slanted columns, only
adsorption of protein in the layer on top of the sculptured thin films was found. Neverthe-
less, pH-responsive uptake and release of the model protein was achieved. In the future,
the usage of sculptured thin films with different architecture, e.g. straight columns, are
expected to lead to nanostructured coatings for the stimuli-responsive uptake and release
of biomolecules.
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A. Appendix
Nanoparticles in Binary Brushes
GISAXS
For corresponding AFM characterization of the structural changes in PNIPAAm-P2VP
brushes with and without nanoparticles, samples were prepared in the same way as for
GISAXS measurements. Measurements were done in dry state under ambient conditions.
Figure A.1.: AFM height images of PNIPAAm-P2VP brushes without nanoparticles after
different temperature and pH conditions
Figure A.2.: AFM height images of PNIPAAm-P2VP brushes with Pd nanoparticles after
different temperature and pH conditions
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Enzymes in Polymer Brushes
Covalent Coupling of GOx to PAA - Raw Data
Figure A.3.: QCM data of the chemical coupling of GOx to PAA; data was referenced in
respect to the point of the lowest dissipation value; (I) pH7.4, (II) pH6, (III)
EDC/NHS in pH6, (IV) GOx in pH6, (V) pH6, (VI) pH7.4, (VII) pH6
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Figure A.4.: SE data of the chemical coupling of GOx to PAA; (I) pH7.4, (II) pH6, (III)
EDC/NHS in pH6, (IV) GOx in pH6, (V) pH6, (VI) pH7.4, (VII) pH6
Covalent Coupling of GOx to PAA - Viscoelasticity
Figure A.5.: QCM model data of the change in viscoelasticity during the chemical coupling
of GOx to PAA; (I) pH7.4, (II) pH6, (III) EDC/NHS in pH6, (IV) GOx in
pH6, (V) pH6, (VI) pH7.4, (VII) pH6
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Polymer Brushes on STF
PAA on STF
Figure A.6.: pH-responsive swelling of PAA brushes on STF: Experimental Mueller matrix
elements Mij normalized to M11 at λ=500 nm; changes in pH are indicated
by the different shaded background regions on the plots; White: pH=7.3,
shaded: pH=3.7
Figure A.7.: pH-responsive swelling of PAA brushes on STF: QCM raw data; Area I:
pH=7.3, Area II: pH=3.7
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Protein Adsorption on PAA on STF
Figure A.8.: Viscoelastic modeling results of QCM-D measurements of the adsorption of
BSA on PAA brushes on STF, (I) pH5, (II) BSA adsorption, (III) pH5, (IV)
pH7.4, (V) pH5
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